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Marine mammal foraging and diet in southern New England is not well known 
and has therefore been largely ignored as a component of habitat, distribution, and 
bycatch. Incorporating prey components into marine mammal management is key to 
improving management of these species, especially as fisheries management 
progresses towards ecosystem-based management, climate change results in shifting 
distributions of marine mammals, and we are faced with new management challenges 
stemming from offshore wind development. This dissertation aims to address data 
gaps for species highly impacted by human activities, specifically the North Atlantic 
right whale (Eubalaena glacialis) and the harbor porpoise (Phocoena phocoena), and 
a suite of species along the continental shelf break that may be subject to future 
offshore energy development. 
The first chapter assesses harbor porpoise diet in southern New England, an area 
of recently increased bycatch where no diet information was previously available. The 
results of this study could be incorporated into ecosystem-based management, assess 
likely shifts in habitat due to climate changes, and inform future bycatch management 
regulations. For this study we examined stomach contents from 46 bycaught harbor 
porpoises collected over 24 years (1994-2017) between January and May on the 
continental shelf south of New England. Clupeids, true hakes (Urophycis), 
cephalopods, and silver hake (Merluccius bilinearis) constituted 85.5% of all 
estimated biomass, while cusk eels (Ophidiidea) and small flatfish 
(Pleuronectiformes) were frequently consumed (found in 29.8% and 27.7% of all 
stomach samples), but each made up less than 1% of estimated biomass due to their 
  
 
small size. Porpoises were found to preferentially select their prey by size and species, 
overlapping little with gillnet catch, and average prey size was larger for larger 
porpoise, females, and during the first half of our study (1994-2006 compared to 2007-
2017). 
The second chapter investigated North Atlantic right whale prey choices on the 
continental shelf south of New England. Researchers recently found that these highly 
endangered whales inhabit the continental shelf south of Rhode Island and 
Massachusetts year round, and are present and feeding in higher numbers during the 
late winter and early spring. However, little is known about right whale foraging in 
this region and the factors driving distribution of their prey. During a short research 
cruise in April of 2018 we opportunistically investigated potential right whale prey 
choices in southern New England. After spotting two diving right whales in an area 
with numerous documented sightings in the previous two weeks, we sampled the 
water column for possible prey and physical oceanographic parameters using a variety 
of instruments. Our sampling revealed a consistent dense layer at about 35-40 m 
associated with a slight pycnocline that appeared to consist primarily of ctenophores 
and marine snow. However, net sampling throughout the water column showed a mix 
of Pseudocalanus and Calanus finmarchicus that were not visible in the echosounder 
or Video Plankton Recorder data. Our sampling suggest possible foraging on 
ctenophores and a zooplankton assemblage more diverse than most right whale 
feeding regions, but similar to Cape Cod Bay. 
The third chapter demonstrates the use of echosounding to model marine mammal 
distribution and abundance with direct measurements of prey rather than proxies. The 
  
 
study applies a published algorithm to classify echosounding data into four organism 
types on the shelf break south of New England, an area of potential offshore energy 
development rich with marine mammals. We built Generalized Additive Models 
(GAMs) for seven species using only these acoustically derived variables to explain 
marine mammal distribution. The resulting GAMs explained between 1% and 36% of 
model deviance, on par with other published studies that employed a suite of variables 
that served as proxies for water-column components driving marine mammal 
distribution. 
The research in this dissertation aims to provide data and methods to improve 
management of marine mammals by considering how ecosystem components such as 
prey resources influence the distribution of marine mammals. Currently consideration 
of prey resources does not play a large role in most regional marine mammal 
management analyses, despite this consideration becoming more important with recent 
shifts in the ocean environment. This research lays the groundwork for considering 
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ABSTRACT 
Little is known about harbor porpoise (Phocoena phocoena) diet south of New 
England where bycatch has been a highly contentious issue since the late 1990s. To 
fill this data gap, stomach contents were examined from 46 bycaught harbor porpoises 
collected over 24 years (1994-2017) between January and May. Prey species were 
identified to the lowest possible taxonomic level through hard part analysis, primarily 
by identifying of otoliths and squid beaks. Porpoises were found to preferentially 
select their prey by size and species, overlapping little with gillnet catch. Average prey 
size was larger for larger porpoises, females, and during the first half of our study 
(1994-2006 compared to 2007-2017). Average total biomass consumed per stomach 
was estimated at 2.3 kg, which translates to approximately 12-24 hours of feeding; 
clupeids, true hakes (Urophycis), cephalopods, and silver hake (Merluccius bilinearis) 
constituted 85.5% of all estimated biomass. Cusk eels (Ophidiidea) and small flatfish 
(Pleuronectiformes) were frequently consumed (found in 29.8% and 27.7% of all 
stomach samples), but each made up less than 1% of estimated biomass due to their 
small size. These results could help improve harbor porpoise management by better 
defining prey preferences and predicting porpoise habitat shifts as climate changes. 
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INTRODUCTION 
Marine mammals are threatened throughout their range by fisheries bycatch 
(Read et al. 2006, Lewison et al. 2014, Burgess et al. 2018, Gray & Kennelly 2018) 
and increasingly by climate change (Learmonth et al. 2006, Simmonds & Isaac 2007, 
Sydeman et al. 2015).  In order to manage and mitigate these and other threats, we 
need to better understand the drivers behind marine mammal distributions. Regular 
abundance surveys and associated modelling have helped discern marine mammal 
distributions in some regions (e.g., Roberts et al. 2016), however, for many species, 
limited quantitative information exists to explain the reasons behind these 
distributions. Marine mammal distribution is primarily driven by prey resources for 
much of the year, with this reliance varying by species and reproductive life history 
strategies. For a small marine mammal such as the harbor porpoise (Phocoena 
phocoena), with high metabolic needs and no annual breeding migration, we expect 
prey distribution to be a primary driver of its distribution (Read et al. 1997).  
The northwest Atlantic shelf waters that serve as the primary habitat for harbor 
porpoises are predicted to warm at nearly three times the global average (Saba et al. 
2015). This area has already seen documented species shifts (Nye et al. 2009, Kleisner 
et al. 2016), which may impact harbor porpoise distribution and prey resources. The 
Gulf of Maine/Bay of Fundy stock occupies waters off the northeastern US and 
extends from North Carolina to the Bay of Fundy and the Scotian Shelf off Nova 
Scotia (Waring et al. 2014). Harbor porpoises are concentrated in the Gulf of Maine 
and southern Bay of Fundy during the summer months, and are more widely dispersed 
the rest of the year, extending as far south as North Carolina from January to April 
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(Polacheck et al. 1995, Orphanides 2010, Waring et al. 2014). Most harbor porpoises 
are thought to stay in continental shelf waters throughout the year, though they have 
occasionally been observed along and off the shelf edge (Read & Westgate 1997, 
Orphanides 2010, Waring et al. 2014).  
Harbor porpoise bycatch has been one of the most contentious marine mammal 
management issues in the northeast US for years (Orphanides & Palka 2013). They are 
considered a strategic stock under the Marine Mammal Protection Act, meaning 
estimated bycatch exceeds prescribed limits. As a result, gillnet time-area closures 
were enacted in 2013  during a time when the groundfish fishery was already under 
immense stress due to reduced catch allowances and a transition to catch share 
management (Orphanides 2012, Murphy et al. 2015). Despite these management 
issues and the rapidly changing ocean in which harbor porpoises live, no published 
papers have assessed diet south of New England or from January to May, both the area 
and season where the majority of harbor porpoise bycatch now occurs off southern 
New England, USA (Orphanides & Palka 2013, Hatch & Orphanides 2015, Hatch & 
Orphanides 2016).  
The last two published papers on harbor porpoise diets in the northwest Atlantic 
used data from 1985-87 during June to September in the Gulf of Maine (Gannon et al. 
1998), and from 1989-94 during September into December in the Bay of Fundy, 
Canada  (Recchia & Read 1989).  This study aims to fill that data gap, assessing harbor 
porpoise diet on the continental shelf during the winter and early spring, quantifying 
prey preferences, examining prey relative to gillnet catch, and calculating biomass 
consumed. We hope that results from this study inform fisheries management for both 
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bycatch and target species, and contribute to modelling efforts of ecosystem and 
climate impacts. 
 
MATERIALS AND METHODS 
Stomach Processing  
Stomach samples were collected by the Northeast Fisheries Observer Program 
(NEFOP), part of the National Oceanic and Atmospheric Administration’s (NOAA) 
National Marine Fisheries Service. Fisheries observers retrieved animals incidentally 
caught in gillnet hauls on the continental shelf south of New England from 1994-2017 
(Fig. 1 & 2). These observers recorded numerous aspects of fishing trips and hauls, 
including locations and dates of fishing events, gear characteristics such as mesh size, 
and details on both the kept and discarded catch (Branch 2016). Observers brought a 
small fraction of bycaught marine mammals to port for biological sampling. The 
majority of bycatch events, occurred from January to May, with 6, 7, 11, 16, and 6 
stomach samples collected from each of the five months. Size and sex of most 
bycaught harbor porpoises were also recorded by observers or during a necropsy (Fig. 
3). 
Fifty harbor porpoises from 1994 to 2017 were collected by NEFOP in our study 
area and considered for analysis (Fig. 1). Most porpoises were necropsied for life 
history and biological information and all stomachs were retained and frozen for later 
examination.  Of these 50 stomachs, four were either empty or only contained 
fragments of unidentified otoliths and were not included in this analysis. The 
remaining 46 comprised 17 females, 26 males, and 3 of unknown sex.  Porpoise sizes 
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included 10 young of the year (<125 cm), 10 juveniles (125-139cm), 23 adults (>= 
140 cm), and 3 of unknown maturity (Fig. 3) (Wenzel 2000). Given the relatively 
small samples sizes in each age class, any analysis examining prey differences by 
porpoise maturity or size was conducted by splitting the sizes at 140 cm, between 
adults and non-adults. Additional porpoise stomach samples were collected by NEFOP 
in the Hudson Canyon region east of New Jersey were examined in a separate research 
effort focused on the mid-Atlantic (Kroeger et al. in review).  
We examined stomach contents to identify and enumerate prey and prey size 
through the presence of whole fish and squid, and by identification of prey by hard 
parts (otoliths, cephalopod beaks, fish jaws, etc.). These dissections generally followed 
the procedures outlined by Craddock et al. (2009) and Wenzel et al. (2013). We 
emptied the fore and main stomachs and whole, relatively intact prey were separated, 
identified, and measured. We removed otoliths from intact skulls to confirm 
identification. Next, we examined partially digested prey to retrieve identifiable hard 
parts (skulls, bones, otoliths, jaws, cephalopod beaks, etc.). We added water to well-
digested prey and separated hard parts by elutriation, and by decanting them through a 
0.5-mm mesh sieve. Prey were identified to the lowest taxonomic level possible by 
using Northeast Fisheries Science Center (NEFSC) reference collections,  professional 
expertise (Hendrickson pers. comm.), and published guides (Brodeur 1979, Campana 
2004).  
Prey Frequency and Abundance 
We summarized prey items by frequency of occurrence (%FO) and proportion of 
numerical abundance (%N), where %FO is the proportion of stomachs containing a 
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specific prey and %N is the percent occurrence of a specific prey type among all prey 
sampled (Wenzel et al. 2013). The occurrence and abundance of prey items were 
summarized by length and sex of the porpoises, and by two year groupings (1994-
2006, 2007-2017).  
We used the vegan package in R to run a permutation analysis of variance 
(PERMANOVA) to test whether porpoise prey species selection varied by sex, size, or 
year categories. For this analysis, species counts were square root transformed to 
minimize the influence of abundant species and species groups. The output of the 
PERMANOVA was checked for overdispersion. We also ran a similarity percentage 
analysis to examine the contribution of individual species and species groups to the 
overall Bray-Curtis dissimilarity.  
Net Catch and Prey Preference 
Fish and squid lengths from porpoise stomach samples were compared against 
those from the NEFSC bottom trawl survey, and against those from gillnet catch on 
hauls where porpoise stomach samples were collected. We used NEFOP data to 
quantify total net catch by species and length for hauls in which observers retrieved 
porpoise stomachs used in this study. Both kept and discarded net catch by species 
was available for 43 hauls containing 46 takes, while fish length was only available for 
12 hauls from January, April, and May (Fig. 1). Mesh size for the hauls with bycatch 
was dominated by large mesh (12 or 12.5 in, 30.48 or 31.75 cm), with far fewer 
medium mesh hauls (6 or 6.5 in, 15.24 or 16.51 cm). Large mesh was employed on 11 
out of 12 hauls with recorded fish lengths, and 32 out of 43 hauls with documented net 
catch were large mesh, 6 were medium mesh, and 5 were of an unrecorded mesh size. 
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Spring bottom trawl survey data from the NFESC during the period from 1994-
2017 in the study area outlined in Fig. 1 were used as a measure of prey available for 
harbor porpoise consumption in order to assess prey preference. Samples were limited 
to fish and squid lengths less than 40 cm to correspond with the maximum prey sizes 
observed in this and other studies (Recchia & Read 1989). To ensure the most 
representative data, calibration factors were applied where available to adjust the time 
series for fishing vessels (Miller et al. 2010). Catchability quotients were also applied 
to estimate the true amount of fish in the swept area of the net, accounting for those 
fish that may successfully avoid being captured (Link et al. 2006, Link et al. 2008).  
Survey samples were used in combination with porpoise stomach samples to 
develop prey selection indices as in Manly et al. (2002). Selection index values 
represent the amount consumed of a particular species compared to its availability in 
the population. The selection index is defined as: 
 
where  is the selection index, o is the proportion of a specific prey item consumed 
relative to all items of prey consumed, π is the proportion of prey available relative to 
all prey available, and i denotes a particular prey item. A value of one would mean 
that prey is being consumed in proportion to the amount of prey available.  The 
standardized prey index assesses the predator’s preference for one species over 
another and is defined as: 
 
  
 9   
 
Where wi is again the selection index for a particular prey item, wj are prey types 
consumed, and Bi is the standardized selection index. Since the standardized selection 
index sums to one, a value of one would indicate that the predator only eats one prey 
type. The standardized index allows comparison of the degree to which one species is 
preferred over another. For example, a value of one for a specific prey item would 
indicate that the predator only ate one type of prey, and hypothetical values for species 
a and b of 0.4 and 0.2 would indicate that species a was preferred twice as much as 
species b. 
Estimating Prey Lengths and Weights 
Fish otoliths and squid beaks found in stomachs were measured to determine 
lengths and weights of prey consumed. Individual otolith condition was rated on a 
scale of 0-5 following the example of Recchia and Read (1989) and Gannon et al. 
(1998). A rating of 0 applied to otoliths extracted from skulls, a rating of 1 applied to 
otoliths were found undamaged but loose in a stomach, and ratings 2-5 were for 
otoliths that were slightly, moderately, significantly, or severely damaged or eroded, 
respectively. We used ratings of 0-2 to estimate lengths or weights of prey. All 
unbroken squid beaks were measured because we observed little erosion or shrinkage 
of the lower rostral length used to estimate squid length. If more than 25 lower squid 
beaks or fish otoliths of a particular taxon were present within a stomach, and of 
appropriate quality for measuring, we counted all samples, but only measured a 
randomly chosen 25.  
We used published equations to estimate fish and squid lengths from otoliths and 
squid beaks for most species (Table 1). For species with suitable regressions, we 
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assigned lengths from counted, but unmeasured, otoliths by resampling with 
replacement from measured otoliths within that same stomach sample and from that 
same taxon. This resampling assumed a similar size composition between measured 
and unmeasured otoliths and squid beaks. If no otoliths were measured for a specific 
species within a particular stomach, lengths were estimated by resampling with 
replacement from measured otoliths of that same taxon from all stomach samples. 
We used fish and squid lengths to estimate biomass consumed per stomach by 
converting fish lengths to mass using length-weight formulas (Table 1). Most fish 
lengths described above were converted to mass with a standard length-weight 
formula (ln W = ln a + b ln L) and coefficients from (Wigley et al. 2003). If available, 
coefficients were applied from regional spring surveys using both sexes of fish to best 
match fish found in harbor porpoise stomach samples. No length-weight regression 
was present in Wigley et al. (2003) for gulf stream flounder, so one was developed for 
this study from 2017 NEFSC spring bottom trawl data (R2 =0.94, n=29).  
 In the case of cusk eel (Ophidiidea family), Gulf Stream flounder (Citharichthys 
arctifrons), shortbeard codling (Laemonema barbatulum), and some taxa not identified 
to species (unidentified flatfish, small mouth flounder, unidentified/degraded gadidae, 
and other unidentified), no published otolith length-fish length equations were found 
in the literature. No lengths were calculated for these species, aside from cusk eel. For 
cusk eel, a regression was calculated using cusk eel samples from the NEFSC 2017 
spring bottom trawl (R2 =0.72, n=32, R2 =0.96, n=35, respectively). A squid beak-
mantle length regression for long fin squid (Doryteuthis (Amerigo) pealeii) was also 
developed using NESFC trawl samples to ensure that the regression represented prey 
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samples from the same region and season as the porpoise stomach samples (R2 =0.78, 
n=39) (Brodziak & Macy 1996). This regression was also applied to decapodiformes 
of unknown species. 
For some species, we could not attain samples to develop otolith-length (or 
weight) regressions and none have been published to our knowledge. The otolith 
length-fish length and weight regressions for Atlantic herring (Clupea harengus) were 
applied to blueback herring (Alosa aestivalis) since they are in the same family. 
Similarly, Atlantic herring lengths were randomly selected with replacement and 
applied to two observations in the general clupeida category that did not have otolith 
length measurements, The Atlantic herring weight regression was also applied to these 
two samples. (Table 1). The Gulf Stream flounder lengths and weights were applied in 
the same manner to the unidentified flatfish and smallmouth flounder (Etropus 
microstomus), since they are also in the same family. We applied the same otolith 
length-fish length and weight regression to all Urophycis species and to the 
unidentified gadiforme category. An otolith length-fish length regression for Madeira 
lanternfish (Ceratoscopelus madernisis) yielded unreasonable size estimates (Wenzel 
et al. 2013). So, given the small size of Madeira lanternfish, we estimated lengths by 
sampling from a normal distribution centered at 5 cm with a standard deviation of one 
based on  a size distribution between 3.8 and 6, with a  maximum size of 8.1 cm for 
mature Madeira lanternfish (Froese & Pauly 2018). For Madeira lanternfish we 
estimated weights using a Bayesian length-weight regression (Froese & Pauly 2018).  
No regressions were available for shortbeard codling and for otoliths categorized 
as unidentified or unidentifiable.  For these taxa, which constitute 2% of all otoliths, 
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we estimated lengths and weights by randomly sampling from a truncated normal 
distribution defined by the mean weight and standard deviation from all prey samples. 
The resulting prey length distributions were compared across year categories and 




Frequency and numerical occurrence showed a diet concentrated on six species 
groups: squid (cephalopoda, %FO=51%, %N=19%), red, white, and spotted hakes 
(Urophycis , %FO=43%, %N=22%), clupeids comprising Atlantic herring, blueback 
herring, alewife (Alosa pseudoharengus),  and unknown species of clupeid (clupeidae,  
%FO=34%, %N=8%), silver hake (Merluccius bilnearis, %FO=32%, %N=17%), 
small flatfish (Citharichthys arctifrons, Etropus microstomus, unknown 
Pleuronectiformes, %FO=28%, %N=18%), and cusk eels (Ophidiidea, %FO=30%, 
%N=6%) (Table 2). The combination of frequency and numerical occurrence 
(Costello 1990, Amundsen et al. 1996) suggests a generalist predator with Urophycis 
and cephalopods as the most dominant species groups (Fig. 4).   
Comparison to Gillnet Catch 
Harbor porpoise stomach contents had little overlap with gillnet catch.  Among 25 
fish species caught in gillnets that also caught porpoise used in this study, only 4 of 
the more rarely caught species were found in harbor porpoise stomachs. Among 36 
unique observed hauls with porpoise bycatch, these fish made up 1.3% of all catch by 
number (both retained and discarded) and were caught in 10 hauls (haddock=2 hauls, 
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silver hake = 1 haul, white hake=1 haul, Atlantic mackerel = 6 hauls). Only one 
species (Atlantic mackerel, (Scomber scombrus) was found both in the harbor 
porpoises caught in that net and in the net catch, which occurred in 2 out of 6 hauls. 
Dominant net-caught species (winter skate Raja ocellata and monkfish Lophius 
americanus, 84% of catch by number) were not found in any harbor porpoise 
stomachs. In addition, there was no overlap in species lengths (Fig. 5) between 
recorded gillnet catch and porpoise prey lengths (max porpoise prey = 39 cm, min 
gillnet catch = 41 cm). The average length of 595 measured catch items was 73.6 cm 
(standard deviation=11.6), far larger than any harbor porpoise prey observed in 
stomach contents (mean= 11.7, standard deviation=7.7) These 595 lengths came from 
12 hauls, all but one of which was fishing with 30.48 cm (12 in) mesh. Total fish 
caught in lbs was recorded for most hauls, but fish lengths were recorded on relatively 
few hauls.  
Prey Preference 
We examined preference using multiple methods. Permutation analysis of 
variance comparing diet of males and females, porpoises < 140 cm and >= 140 cm, 
and year categories (1994-2006, 2007-2017) did not show significant differences in 
prey in terms of taxa election based on harbor porpoise sex and size, but did show a 
difference in year categories (Pr > F 0.025)) . Summaries of raw counts by year 
category and taxa contributions to the PERMANOVA show an apparent shift away 
from clupeids and towards true hakes (Urophycis), squids, and smaller prey (Table 3).  
Kolmogorov-Smirnov tests showed significant differences (p < 0.001) in fork length 
(FL) distributions and estimated biomass for the above mentioned, size, sex, and year 
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categories (weight by size: D = 0.38828;  FL by size: D = 0.24145; weight by sex: D = 
0.54817;  FL by sex: D = 0.43810; weight by year: D = 0. 14763;  FL by year: D = 0. 
11444) (Fig. 6). Yet these statistical differences could be challenging to interpret 
because of imbalances between categories, particularly since 80% of the smaller 
porpoises (< 140 cm) were male (Table 4).    
We also examined prey preference by comparing harbor porpoise stomach 
contents to the spring NEFSC trawl survey catch for both species lengths and 
composition. Fish length distributions (Fig. 5) were compared and found to be 
statistically different (Kolmogorov-Smirnov test, p < 0.0001, D = 0.54292).  A Chi-
squared test suggested that overall porpoise prey selection (Table 5) was not randomly 
selected in proportion to the prey caught in the NEFSC trawl survey (p < 0.001, df = 7, 
X2 = 99483). Nearly all harbor porpoise prey except some clupeids appeared to be 
preferentially selected because of selection index values greater than one, and because 
95% confidence intervals do not overlap with the population proportion available (Neu 
et al. 1974, Byers et al. 1984). The species with the highest standardized selection 
indices were white hake (Urophycis tenuis), cusk eels (Orphidiidea), and small mouth 
flounder (Etropus microstomus). When species were grouped by taxa, clupeids as a 
whole appeared not to be preferentially selected, though alewifes separately did. 
Clupeids were estimated to be 82.8% of adjusted trawl catch, when the trawl catch 
was limited to prey found in harbor porpoise stomachs, and when trawl catchability 
was taken into account, i.e., if the net caught all available fish in its swept area) (Link 
et al. 2006, Link et al. 2008). The standardized index suggests that relative to other 
species, cusk eel (Ophidiidae family) was preferred over 4 times more than hakes 
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(Urophycis), and about 3 times more than flatfish. Cephalopods, silver hake, and 
clupeids were preferred orders of magnitude less than cusk eel according to this 
standardized index. 
Consumption Estimates 
The mean biomass found in a harbor porpoise stomach as represented by otoliths 
and squid beaks was estimated to be 2.35 kg (Table 6), with a standard deviation on a 
per stomach basis of 2.38 kg, and a median value of 1.42 kg (Fig. 7). The distribution 
of total estimated live prey weight per stomach is quite variable and is skewed towards 
1.0 kg and less, with some high weight outliers (Fig. 7). Urophycis constituted the 
most biomass per stomach on average (0.839 kg), and members of the Clupeids had 
the second most biomass (0.518 kg), together constituting more than half of the 
average estimated biomass per stomach. Cephalopods (0.382 kg) and silver hakes 
(0.271 kg) also contributed significantly, and together these four species groups 
(clupeids, Urophycis, cephalopods, and silver hake) constituted 85.7% of all estimated 
biomass. Frequently occurring but smaller prey items such as cusk eels and flatfish 
constituted less than 1% estimated biomass per stomach. 
 
DISCUSSION 
This is the first analysis of harbor porpoise diet on the continental shelf south of 
New England. It is also among the first papers examining harbor porpoise diet in 20 
years in the northwest Atlantic, and among the first examining diet during winter and 
spring months (Gannon et al. 1998). These facts take on particular relevance given the 
increased harbor porpoise bycatch on the continental shelf south of New England 
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(Orphanides & Palka 2013, Hatch & Orphanides 2015, Hatch & Orphanides 2016), the 
recent fishing closures enacted due to harbor porpoise bycatch in this region 
(Orphanides & Palka 2013), potential redistribution of prey due to climate change in 
an area already rapidly changing (Nye et al. 2009, Saba et al. 2015, Kleisner et al. 
2016, Kleisner et al. 2017), and a regional push toward ecosystem based fisheries 
management.  
Harbor porpoises in this region were found to be generalist predators during the 
spring and winter months, primarily feeding on clupeids, Urophycis, squids, silver 
hake, cusk eels, and small flatfish. Prey consumption south of New England during the 
winter and spring appears to differ from previous studies in the Gulf of Maine during 
the remainder of the year (Smith & Gaskin 1974, Recchia & Read 1989, Smith & 
Read 1992, Gannon et al. 1998). One of the primary differences was that clupeids 
were the most important prey items in terms of biomass, though not to the magnitude 
found in other regions and studies. Previous studies in the Gulf of Maine and Bay of 
Fundy showed a heavy reliance on Atlantic herring, which made up 44% of ingested 
mass in the fall (Gannon et al. 1998) and 64% from June to September (Recchia & 
Read 1989).  Herring accounted for 47.2% of all otoliths from May to September 
(Smith & Gaskin 1974), and occurred in 71.3% of all adult stomachs in a separate 
study from July to September (Smith & Read 1992). One possible reason for these 
differences is that the caloric value of Atlantic herring is known to increase seasonally 
with greater feeding and spawning in the spring and summer, which could contribute 
to their seasonal importance in the Gulf of Maine (Stevenson & Scott 2005). 
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Porpoise diet south of New England was more evenly distributed among species 
than in the Gulf of Maine. Average Urophycis biomass estimates per stomach were 
larger than clupeids (840 g vs 518 g, respectively) and Urophycis were the dominant 
prey item by number and frequency (22.3 %N and 42.6%FO for Urophycis versus 8.1 
%N, 34.0%FO for clupeids). Urophycis was also a common prey during the fall in the 
Gulf of Maine, but not during the summer (Smith & Gaskin 1974, Recchia & Read 
1989, Smith & Read 1992, Gannon et al. 1998).  
Atlantic cod (Gadus morhua) were also found to be primary prey items during the 
summer in two studies (Smith & Gaskin 1974, Recchia & Read 1989), and to a lesser 
extent in a third (Smith & Read 1992), but no cod were present in any stomach 
samples in our study (Table 2). The lack of cod in stomach samples could be in part 
due to decline in the cod populations (Pershing et al. 2015), because much of the cod 
population is typically north of our study area (Fahay et al. 1999), or because most of 
the hauls from which these harbor porpoise stomach samples were taken were 
targeting monkfish or skate with 30.48 cm (12 in) mesh, whereas cod is typically 
caught with 16.51 cm (6.5 in) mesh.   
Another primary difference was that squids were frequent prey (%FO=51.1%) 
that constituted a significant portion of the biomass (16.2% of biomass), whereas they 
were a negligible portion of the diet during the summer and fall in the Gulf of Maine 
(Smith & Gaskin 1974, Recchia & Read 1989, Smith & Read 1992, Gannon et al. 
1998). Small flatfish and cusk eels were also a significant portion of harbor porpoise 
diet not seen in other studies. They were present in large numbers and frequency, 
although their caloric importance was limited due to their small sizes. In southern New 
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England, diet was more evenly apportioned across four species groups (clupeids, 
Urophycis, cephalopods, and silver hake) that constituted 85.7% of the biomass as 
compared to the diet being dominated by Atlantic herring in the Gulf of Maine, 
particularly in the summer (Table 6). One similarity between the regions was the 
importance of silver hake, which was common in both this and several previous 
studies (Smith & Gaskin 1974, Recchia & Read 1989, Smith & Read 1992, Gannon et 
al. 1998).   
We found little direct overlap between porpoise prey and fish catch in the gillnets 
that incidentally caught harbor porpoises.  The catch differed from porpoise prey in 
both size and composition. While there does not appear to be a direct connection 
between harbor porpoise prey and gillnet catch, there is likely an indirect connection.  
Monkfish, one of the primary gillnet target species, are known to prey on a variety of 
fish including clupeids and hakes (Bigelow & Schroeder 1953). Therefore, fish 
targeted with gillnets may be pursuing the same prey as harbor porpoises. The limited 
mouth gape of porpoises restrict their ability to prey on the large fish caught in 
gillnets, as does their feeding method (Kastelein et al. 1997b). Harbor porpoises catch 
their prey and then use suction to swallow it whole. The lack of chewing or tearing 
prey limits the ability to eat from the nets. 
Harbor porpoises generally appear to preferentially select their prey species based 
on prey indices calculated using the NEFSC bottom trawl data. The NEFSC spring 
bottom trawl data used to calculate the prey index is the best available dataset that 
most closely reflects prey available for harbor porpoises. Its benefits are that it is a 
long time series and that it fishes in the bottom of the water column as a bottom-set 
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gillnet also does. However, it is not without its flaws for this application, particularly 
when attempting to estimate abundance of pelagic schooling species, which may either 
purposely avoid the trawl, or miss the trawl by the virtue of occupying a  higher 
portion of the water column than the net. 
Catchability quotients developed for a modelling exercise exploring the role of 
small pelagics in this ecosystem (Link et al. 2006, Link et al. 2008) were applied to 
adjust for these biases. These adjustments may indeed make the data more 
representative of the true species distribution available to porpoises, but they are 
estimates that can greatly expand the observed catch numbers and so include a degree 
of error. For example, Atlantic herring has a q of 0.02, resulting in an expansion of 
catch by a factor of 50. Error in catchability coefficients could play a role in our prey 
index values, decreasing apparent preference for Atlantic herring based on inflated 
abundance, and potentially boosting preference for other species. 
That said, combined evidence from net catch, trawl survey data, and stomach 
samples suggest that harbor porpoises are at least selecting preferred prey based on 
size. The difference in prey species off southern New England as compared to the Gulf 
of Maine suggest seasonal foraging plasticity based on prey availability, while the 
consistency of some species between regions also suggests a degree of preference. 
Harbor porpoise high metabolic needs as a small cetacean living in a cold environment 
likely force them to be adaptable in their prey choices (Read & Hohn 1995). 
Despite finding differences in biomass and fork length distributions between 
porpoise size, sex, and years (Fig. 6), we found no difference in their species selection 
by porpoise size or sex. Those findings match those of Gannon et al. (1998) who 
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found no difference in prey selection between sizes of porpoises except for calves. 
Similarly, Smith and Read (1992) found a different prey distribution for calves, which 
consumed large amounts of euphausiids.  Porpoises in our study time and area would 
be past the calving stage (Smith & Read 1992, Read & Hohn 1995).  
Some of the prey size differences we found could be expected as one would 
assume that larger porpoises would eat larger prey. Females also tend to be larger than 
males and have the added caloric burden of being pregnant for much of their mature 
lifetime (Read et al. 1997). Unfortunately, we did not have enough data to test the 
effect of pregnancy directly.  
The PERMANOVA and Kolmogorov–Smirnov tests both found differences in 
prey between time periods (1994-2006 and 2007-2017). Porpoise prey in our samples 
shifted away from calorie rich clupeids and towards Urophycis species. Porpoise diet 
in recent years appears to have increased its reliance on squid, decreased its focus on 
silver hake, and generally diversified to include more smaller species (Table 3). The 
silver hake differences may be skewed by one sample with 314 small otoliths and 
another with 123. The overall differences between year periods are harder to explain 
but could reflect shifting species distributions due to climate change. For example, 
climate induced shifts have been documented in red, white, spotted, and silver hake as 
well as Atlantic herring and Atlantic mackerel (Nye et al. 2009, Nye et al. 2011), 
while cephalopods have been increasing globally (Doubleday et al. 2016). 
One drawback of a diet study relying on hard parts is the possibility of over-
counting prey due to secondary consumption. This concern may be elevated with 
regards to squid, Urophycis, and silver hake, which are all known to be cannibalistic 
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(Bigelow & Schroeder 1953, Cargnelli et al. 1999, Steimle et al. 1999). However, 
direct observation during this study of numerous partially intact small fish suggests 
that it would be erroneous to presume that all fish or otoliths below a particular size 
are secondary prey. Wisniewska et al. (2016) estimated that harbor porpoises in 
Danish waters have up to 200 prey encounters per hour during the daytime, with many 
of those prey measuring less than 5 cm, and as many as 550 encounters at night with a 
feeding success rate greater than a 90%. If a porpoise encounters a dense school of 
small prey, it may decide that it is worth the effort if the prey density is high enough 
(Benoit-Bird & McManus 2012, Benoit-Bird et al. 2013a).  
Using hard parts for stomach content analysis also has potential consequences for 
prey length and biomass estimation. Otoliths and hard parts degraded due to digestion 
could yield negatively biased length and biomass estimates, may favor species with 
larger and less fragile otoliths, and has an unknown retention time due to otolith 
degradation during digestion. These issues have been thoroughly discussed in the 
literature (see Bowen & Iverson 2013). Correction factors have been proposed as a 
means to adjust for both erosion and residence time of otoliths and hard parts, but 
development of these factors has been focused primarily on hard parts found in seal 
scat. One study on small cetaceans suggested that otoliths degrade at a consistent rate 
that can be used to estimate residence time, although this was based on only three 
species found in European waters (Ross et al. 2016). It is not possible to definitively 
know the level of bias imparted by the use of eroded otoliths without doing a separate 
study subjecting prey to digestion or a simile of digestion. To minimize the influence 
of degraded otoliths we followed the example of Recchia and Read (1989) and 
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Gannon et al. (1998) and only used minimally eroded otoliths for length and biomass 
estimation.  
Accurate estimation of consumed biomass depends on digestion and food passage 
rates.  In captive a harbor porpoise, food took between 143 and 280 minutes (2.38-
4.83 hr) to pass through the animal (Kastelein et al. 1997a). These authors also 
claimed that after 1-1.5 hours the harbor porpoise stomach was empty of “most solid 
fish remains” and that 30 minutes after eating herring only bones remained. This puts 
evacuation time at 30 minutes, while the upper limit may depend on the type of prey 
eaten and the size and fragility of its otoliths and squid beaks. In seals, passage rates of 
otoliths and squid beaks differed from each other and varied substantially by 
individual and activity level (Bigg & Fawcett 1985, Bowen & Iverson 2013).  
We did not attempt to estimate the residence time of hard parts directly for this 
study, but we can back-calculate residence time using literature values of estimated 
daily consumption. Lockyer (2007) estimated 2.5-5 kg wet weight of herring daily, 
and Smith et al. (2015b) modeled daily consumption at 2.2 kg daily with an 80% CI of 
0.94 and 3.3. Based on these values we estimate that our observed average of 2.35 kg 
of live weight per stomach equates to roughly 12-24 hours of feeding. 
Estimates of daily consumption by species or taxa will be increasingly important 
as regional fisheries move towards ecosystem based management. Studies such as this 
one increase the spatial and temporal resolution of predator diet information such that 
seasonal and regional changes in predation can be included in future ecosystem 
models. This knowledge facilitates analysis of ecosystem function (Gaichas et al. 
2015) and simulations to examine the role of top predators on the ecosystem (Smith et 
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al. 2015a, Smith et al. 2015b). Detailed diet information could be particularly 
important as the climate and harbor porpoise prey distribution shifts. Despite their 
plastic diet, harbor porpoises could be disproportionately threatened by changes in 
prey distribution because of their presumed high metabolism (Read & Hohn 1995, 
Wisniewska et al. 2016). 
Diet information could also inform fisheries management. Most directly, this 
paper proves that harbor porpoises are not typically preying on the same species 
caught in gillnets in the study area. Fisheries managers could use these results to 
insure fish harvesting remains at a level that leaves an adequate food supply to sustain 
marine mammal populations. Eventually these data could be used in conjunction with 
models of prey distribution to better predict marine mammal presence such that 
bycatch can be avoided or reduced. Prey distribution is not currently known on a fine 
enough scale in this region to predict harbor porpoise distribution, although examining 
predicted spring distribution from the NEFSC bottom trawl survey could provide 
some insights. Yet, the apparent plasticity of harbor porpoise diet may make their 
distribution challenging to predict. 
 
CONCULSIONS 
Gannon et al (1998) found that fall harbor porpoise diet in the Gulf of Maine was 
more diverse than during the summer in the Bay of Fundy and predicted that their diet 
would further diversify further as they move out of the Gulf of Maine for the winter 
and spring. Their prediction appears to have been correct. We found the diet less 
reliant on Atlantic herring, with an increased importance of Urophycis and squid, 
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Silver hake also played a primary role in porpoise diet. Cusk eel and small flatfish 
were important on a numerical basis but not in terms of biomass. Overall, there was a 
diversification of prey sources compared to previous studies in other regions. The shift 
towards Urophycis, squid, and smaller species appears to have occurred more in the 
recent past. We also found that larger animals consumed more biomass, but not 
different species. Lastly, porpoises appear select their prey preferentially, at least 
based on size, but these prey choices have little overlap with gillnet catch.  
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Table 1. Equations used to estimate length and weight of harbor porpoise prey found with intact skulls or whole bodies in stomach 
samples. 
 
Scientific Name Common Name Length Equation (mm) Length Equation Source Weight Equation (cm & kg) Weight Equation Source
Alosa aestivalis blueback herring FL = 69.23 OL - 27.48 *** Recchia and Read, 1989 lnW = -12.2146 + 3.2428 lnL Wigely et al 2004
Alosa pseudoharengus alewife FL = 69.23 OL - 27.48 *** Recchia and Read, 1989 ln W = -13.3875 + 3.6716 ln L Wigely et al 2003
Ceratoscopelus maderensis madiera lanternfish NA NA lnW = ln(0.00537) + 3.08 ln L fishbase.org
Citharichthys arctifrons gulf stream flounder FL = (39.737 OL-14.141) This study lnW  = -13.6310 + 3.3428 lnL This study
Clupea harengus Atlantic herring FL = 69.23 OL - 27.48 Recchia and Read, 1989 ln W = -11.7972 + 3.0314 ln L Wigely et al 2003
Clupeidae Clupeidae FL = 69.23 OL - 27.48 *** Recchia and Read, 1989 ln W = -11.7972 + 3.0314 ln L Wigely et al 2003***
Doryteuthis (Amerigo) pealeii longfin inshore squid ML = 3.277 LRL + 39.77 This study M = 0.25662(ML/10)2.1582 Lange and Johnson 1981
Etropus microstomus small mouth flounder FL = (39.737 OL-14.141)/10 % This study lnW  = -13.6310 + 3.3428lnL This study%
Gadidae Gadids FL/10 = 1.525 OL1.1457 Clay and Clay, 1991 ln W = -12.4378 + 3.1568ln L Wigely et al 2003*ξ
Laemonema barbatulum shortbeard codling NA NA lnW =  ln(0.0019) + 3.355lnL/10 fishbase.org
Peprilus triacanthus butterfish FL = -13.1344 + 56.3944 OL DuPaul and McEachran, 1973 lnw = -10.6315 + 2.9225*lnL Wigely et al 2004
Melanogrammus aeglefinus haddock ln(FL/10) = 2.97753 + 1.58465 ln OL Hunt, 1992 lnW =  -11.8062 + 3.0766lnL Wigely et al 2004
Merluccius bilineari silver hake ln(FL/10) = 3.01115 + 1.02758 ln OL Hunt, 1992 ln W = -12.4934 + 3.1512 ln L Wigely et al 2003
Ophidiide cusk eel FL = 35.264OL + 13.527 This study ln W = -13.7333 + 3.2359ln L Wigely et al 2005**
Pleuronectiformes flatfish FL = 39.737 OL-14.141 % This study lnW  = -13.6310 + 3.3428lnL This study%
Scomber scombrus Atlantic mackerel FL/10 = 7.33 OL + 0.37 Clay and Clay, 1991 ln W = -12.6713 + 3.3119ln L Wigely et al 2004
Unidentifed unidentified NA NA mean from all estimated weights
This study, Wigley et al 
2003, and fishbase.org
Unidentified Cephalopods squid ML = 3.277 LRL + 39.77$ This study M = 0.25662(ML/10)2.1582 Lange and Johnson 1981
Urophycis (Genus) hake FL/10 = 1.525 OL1.1457 Clay and Clay, 1991 ln W = -12.4378 + 3.1568ln L Wigely et al 2003*
Urophycis chuss red hake FL/10 = 1.525 OL1.1456  ξ Clay and Clay, 1991 ln W = -12.3743 + 3.0979ln L Wigely et al 2003
Urophycis regia spotted hake FL/10 = 1.525 OL1.1456  ξ Clay and Clay, 1991 ln W = -11.9892 + 3.0823ln L Wigely et al 2003
Urophycis tenuis white hake FL/10 = 1.525 OL1.1456  ξ Clay and Clay, 1991 ln W = -12.9500 + 3.2903ln L Wigely et al 2003
* Averaged a and b  across Urophycis  chuss , tenuis , and regius  from spring combined sexes estimates
** a  and b used from Lepophidium profundorum  (fawn cusk eel)
*** Applied equation from Clupea harengus
% Applied equation for Citharichthys arctifrons
ξ Applied Urophycis equation





Table 2. Summary of fish otoliths and squid beaks found in harbor porpoise stomachs. 
Number of Items, numerical abundance (%N), number of occurrences, frequency of 









longfin inshore squid 561 18.5 24 52.2 337
unidentified squids 21 0.7 2 4.3 11
squids 582 19.2 24 52.2 348
blueback herring 7 0.2 2 4.3 4
alewife 151 5.0 6 13.0 78
atlantic herring 84 2.8 10 21.7 37
unidentified clupeidae 2 0.1 1 2.2 1
herrings 244 8.1 16 34.8 120
gulf stream flounder 486 16.1 8 17.4 245
small mouth flounder 35 1.2 1 2.2 18
unidentified flat fish 23 0.8 5 10.9 16
flatfish 544 18.0 13 28.3 279
red hake 220 7.3 9 19.6 117
spotted hake 103 3.4 6 13.0 55
white hake 15 0.5 6 13.0 8
unidentified Urophycis 337 11.2 15 32.6 180
hakes 675 22.3 20 43.5 360
madeira lanternfish 108 3.6 1 2.2 54
krill            NA NA 10 21.3         NA
unidentifiable/degraded gadidae 17 0.6 2 4.3 9
shortbeard codling 4 0.1 1 2.2 2
haddock 70 2.3 1 2.2 35
silver hake 527 17.4 15 32.6 266
cusk eel 172 5.7 14 30.4 94
butterfish 4 0.1 1 2.2 2
atlantic mackerel 30 1.0 6 13.0 17
unidentifiable/degraded 31 1.0 14 30.4 24
unidentified 17 0.6 6 13.0 8





Table 3. Raw counts of grouped species by year period (1994-2006 and 2007-2017) 












True Hakes 56 619 0.169 0.166
Cephalopods 191 391 0.145 0.148
Clupeids 207 37 0.112 0.161
Other 29 252 0.104 0.100
Silver Hake 492 35 0.091 0.139
Flatfish 57 487 0.085 0.124
Cusk Eel 20 152 0.082 0.100  
 
  
Table 4. Cross tabulation of porpoise sample sizes by sex, size, and year categories. 
 
Male Female Unknown Sex Totals
1994-2006 14 9 23
   < 140 cm 9 3 1 13
   >= 140 cm 5 5 10
   Unknown size 1 1 2
2007-2017 12 8 20
   < 140 cm 7 1 8
   >= 140 cm 5 7 12
    Unknown size 1 1
All Years 26 17 3 46
   < 140 cm 16 4 1 21
   >= 140 cm 10 12 22





Table 5. Prey selection indices (Manley 2002).  Confidence intervals for selected prey 
proportion are shown only for taxa used to test the null hypothesis that harbor porpoise 



















longfin inshore squid 0.051 116 561 0.24 4.82 0.006
unidentified squid 21 0.01
squid 0.051 116 582 0.25 0.23-0.28 5.00 0.007
blueback herring 0.003 7 7 0.00 0.95 0.001
alewife 0.002 5 151 0.07 31.83 0.042
atlantic herring 0.823 1889 84 0.04 0.04 0.000
unidentified clupeidae 2 0.00
herring 0.828 1901 244 0.11 0.09-0.12 0.13 0.000
gulf stream flounder 0.003 8 486 0.21 61.08 0.081
small mouth flounder 0.000 0 35 0.02 150.09 0.200
unidentified flat fish 23 0.01
flatfish 0.004 8 544 0.24 0.21-0.26 66.42 0.088
red hake 0.004 9 220 0.10 23.76 0.032
spotted hake 0.003 6 103 0.04 16.80 0.022
white hake 0.000 0 15 0.01 287.21 0.382
unidentified Urophycis 337 0.15
hake 0.007 15 675 0.29 0.26-0.31 43.71 0.058
silver hake 0.050 116 527 0.23 0.20-0.25 4.56 0.006
cusk eel 0.000 1 172 0.07 0.06-0.09 184.19 0.245
atlantic mackerel 0.009 20 30 0.01 0.006-0.019 1.54 0.002
madeira lanternfish 0.000 1 108 0.05 148.06 0.197
krill NA
unidentifiable/degraded gadidae 17 0.01
shortbeard codling 0.000 4 0.00
haddock 0.001 3 70 0.03 27.46 0.037
butterfish 0.050 115 4 0.00 0.03 0.000
unidentifiable/degraded 31 0.01
unidentified 17 0.01
lanternfish, krill, codling, haddock, 
butterfish, and unidentifed 0.052 118 251 0.11 0.09-0.13 2.121 0.003
































longfin inshore squid 146 1.2 0.4 - 3.2 7.8 5.6 - 16.5 24.2 10.7 - 108.4 347.3 14.8%
unidentified squid 9 2.3 1.8 - 3.1 12.8 5.6 - 16.0 71.5 46.5 - 102.3 34.2 1.5%
squid 155 3.6 0.4 - 17.7 8.0 5.6 - 16.5 25.7 10.7 - 108.4 381.5 16.2%
blueback herring 4 4.6 4.4 - 4.7 22.7 27.6 - 30.1 183.5 176.4 - 227.6 31.9 1.4%
alewife 65 3.6 2.1 - 5.3 17.8 11.4 - 34.2 74.9 12.2 - 337.0 253.9 10.8%
atlantic herring 61 4.2 3.3 - 5.3 25.0 19.8 - 32.4 143.8 64.4 - 286.1 231.3 9.8%
unidentified clupeidae 0 26.7 1.2 0.1%
herring 130 3.9 2.1 - 5.3 24.8 11.4 - 34.2 144.8 12.2 - 337 518.3 22.1%
gulf stream flounder 77 1.7 0.8 - 3.5 5.0 1.6 - 12.4 0.6 0.006 - 5.5 6.3 0.3%
small mouth flounder 0 0.4 0.3 <0.1%
unidentified flat fish 0 0.6 0.4 <0.1%
flatfish 77 1.7 0.8 - 3.5 5.0 1.6 - 12.4 0.6 0.006 - 5.5 7.0 0.3%
red hake 73 10.5 5.2 - 12.4 22.7 10.0 - 27.2 74.3 5.3 - 117.4 378.1 16.1%
spotted hake 52 10.4 5.0 - 13.2 20.8 9.5 - 29.2 82.2 0.9 - 17.5 196.6 8.4%
white hake 10 13.1 11.4 -14.8 28.4 24.9 - 33.4 144.2 93.1 - 246.3 50.2 2.1%
unidentified Urophycis 73 6.8 1.3 - 15.0 13.8 2.1 - 33.9 27.4 0.04 - 268.8 214.7 9.1%
hake 208 9.4 1.3 - 15.0 18.1 2.1 - 33.9 53.6 0.04 - 268.8 839.6 35.7%
madeira lanternfish 21 2.0 1.8 - 2.3 0.8 1.9 0.1%
krill 0 -
unidentifiable/degraded gadidae 0 76.2 29.8 1.3%
shortbeard codling 0 44.0 3.8 0.2%
haddock 25 8.2 7.2 - 9.1 14.4 11.5 - 17.0 29.6 13.8 - 45.5 45.1 1.9%
silver hake 78 8.0 1.8 - 18.8 11.1 3.4 - 38.8 23.4 0.2 - 382.0 270.6 11.5%
cusk eel 111 2.9 1.0 - 5.4 10.3 4.8 - 20.3 4.1 0.2 - 18.3 16.6 0.7%
butterfish 3 2.3 2.1 - 2.6 10.7 10.6 - 13.1 10.2 8.5 - 15.4 0.8 <0.1%
atlantic mackerel 7 3.7 2.6 -5.4 25.9 19.3 - 39.9 200.7 56.6 - 628.7 148.3 6.3%
unidentifiable/degraded 0 65.4 68.3 2.9%
unidentified 0 53.9 18.7 0.8%
TOTALS 815 11.7 1.6 - 39.9 33.6 0.1 -  628.7 2350.3 100.0%










Figure 1. Study area, locations of harbor porpoise bycatch events from which stomach 
samples were retrieved, and degree to which gillnet catch data were available 
 





Figure 2. Distribution of porpoise stomach samples by year 
 





Figure 3. Porpoise stomach sample distribution by animal total length and sex. (Young 
of the year <125 cm; Juveniles 125-139 cm; Adults 140 cm and greater). 
 
 





Figure 4. Costello diagram for major species groupings found in harbor porpoise 
stomachs. Prey importance is expressed from the bottom left to the upper right. 









Figure 5. Length distribution of porpoise stomach contents versus gillnet catch from 
hauls that caught porpoise and had available catch length data and length distribution 
from Northeast Fisheries Science Center trawl catch. Plot was truncated not to include 
rare values greater than 100 cm.  
 





Figure 6. Forklength (A) and prey weight (B) distributions by sex, size, and year 
categories 
 






Figure 7.  Histogram of estimated biomass per porpoise stomach 
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North Atlantic right whales (Eubalaena glacialis) are thought to feed primarily on 
copepods, especially Calanus finmarchicus. However, shifts in right whale 
distributions may have led to shifts in diet. In 2017 researchers reported that these 
whales inhabit the continental shelf south of Rhode Island and Massachusetts year 
round, and are present and feeding in higher numbers during the late winter and early 
spring. During a 6-day research cruise in April of 2018, we opportunistically 
investigated potential right whale prey choices in this understudied region. After 
spotting two diving right whales in an area with numerous documented sightings in 
the previous two weeks, we sampled the water column for possible prey and physical 
oceanographic parameters. Specifically, we deployed a video plankton recorder 
(VPR), a bongo net, conductivity temperature and depth (CTD) casts, an expendable 
bathythermograph (XBT), an acoustic Doppler current profiler (ADCP), a 
thermosalinograph (TSG), a fluorometer, and an active acoustic tow body equipped 
with 38, 120, and 206 kHz transducers. VPR sampling revealed a consistent dense 
layer at about 35-40 m associated with a slight pycnocline that appeared to consist 
primarily of ctenophores and marine snow. However, bongo net sampling throughout 
the water column revealed an additional population of Pseudocalanus and Calanus 
finmarchicus copepods that were not evident in the echosounder or VPR data. The 
density of copepods was low; Calanus finmarchicus density was 644 m-3, below the 
typical densities found in other right whale foraging regions. These observations 
suggest that the right whales may have been foraging on ctenophores and a 
   
45 
 
zooplankton assemblage more diverse than most right whale feeding regions, but 
similar to Cape Cod Bay. 
 
INTRODUCTION 
The North Atlantic right whale is one of the most endangered whales in the 
world. As of 2015 there were an estimated 458 North Atlantic right whales 
(Eubalaena glacialis) remaining (Pace et al. 2017). Recent population trends are poor, 
with a decreasing population from 2010 to 2015, 17 documented right whale deaths 
during 2017, and no observed calves during the winter calving season in 2018 (Daoust 
et al. 2017, Pennisi 2017, Davies & Brillant 2019).  
Accompanying this recent drop in abundance, there has been a shift in right whale 
distribution since 2011 (Davis et al. 2017). Traditional seasonal right whale 
distribution patterns have been well-documented (Winn et al. 1986, Kenney et al. 
1986). Right whales occupied northern feeding grounds rich in their primary prey, 
Calanus finmarchicus copepods, hereafter referred to as C. finmarchicus, from late 
winter to early autumn. These areas included the Great South Channel, Cape Cod Bay, 
the Bay of Fundy, and Roseway Basin (Kenney et al 2001, Baumgartner & Mate 
2005). Pregnant females and juveniles, and some males, would then migrate from 
northern feeding grounds south to calving grounds off Georgia and Florida for the 
majority of the winter, while much of the remaining population overwintered in the 
Gulf of Maine (Kraus et al. 1986, Winn et al. 1986, Mussoline 2012, Cole et al. 2013).  
Right whales no longer visit their traditional feeding grounds at their usual times 
of the year (Pettis & Hamilton 2016, Hayes et al. 2018). In recent years, few have 
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been returning to the Bay of Fundy during the late summer, they are often in Cape Cod 
Bay a month earlier than usual, and in the summer of 2017 large numbers of animals 
were observed in the Gulf of Saint Lawrence (pers. comm. PSB). Recent research has 
also found an increased right whale presence in the mid-Atlantic, previously thought 
to be primarily a migratory corridor, and a decrease in the Gulf of Maine since 2010. 
Right whales have been detected year round with passive acoustics off the coast of 
Virginia and south of New England (Salisbury et al. 2016, Davis et al. 2017) , and 
aerial surveys south of New England have recorded right whales from December 
through April, with a peak presence in March, and documented feeding during March 
and April (Leiter et al 2017).  
These shifts in habitat do not appear to align with shifts in right whale’s primary 
prey associated with traditional feeding grounds. Right whales primarily consume 
calanoid copepods, particularly late stage C. finmarchicus (Kenney et al. 1986, 
Baumgartner and Mate 2003, Wishner et al. 1988, Wishner et al. 1995). C. 
finmarchicus is a sub-arctic species at the southern end of its range in the Gulf of 
Maine. Their distribution and abundance in the Gulf of Maine has been linked to right 
whale reproductive success and appears to be significantly impacted by the phases of 
the North Atlantic Oscillation and similar decadal-scale climate forcing (Greene et al. 
2013, Meyer-Gutbrod et al. 2015, Meyer-Gutbrod & Greene 2018). The area C. 
finmarchicus has occupied on the northeast US shelf has decreased in recent years, 
particularly in the spring, as several copepod species off the northeast US have shifted 
northeast and towards deeper waters (Runge et al. 2014). Climate change is projected 
to further reduce C. finmarchicus density in the Gulf of Maine (Grieve et al 2017). 
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These changes in distribution and abundance could lead to a predator-prey 
spatial-temporal mismatch. Despite the predominant belief that right whales are C. 
finmarchicus specialists, they may be supplementing their diet with other prey items, 
particularly in secondary feeding grounds such as southern New England. The 
majority of right whale feeding studies have been conducted in the primary feeding 
grounds in the Gulf of Maine or on the Scotian Shelf (e.g., Baumgartner & Mate 2003, 
Baumgartner & Mate 2005, DeLorenzo Costa et al. 2006b, Davies et al. 2012, Davies 
et al. 2013, Baumgartner et al. 2017, Record et al. 2019). In this study we 
opportunistically investigate potential right whale prey resources south of New 
England during the spring. We used a 6-day research cruise in early April to visually 
search for right whales south of New England in a region where right whales have 
been observed feeding, and where numerous right whales were observed in the 
preceding weeks. After observing two right whales in this area that appeared to be 
feeding below the surface, we intensively sampled the water column and possible prey 
resources to assess potential right whale prey in the region and oceanographic 
mechanisms that may concentrate prey. 
 
MATERIALS & METHODS 
Research Cruise Overview 
We conducted a short research cruise on the R/V Endeavor from April 3-8 2018 
to collect data on marine mammal sightings in an attempt to relate these sightings to 
prey and oceanographic conditions in the water column. We ran transects for sighting 
marine mammals and deployed equipment to sample the oceanography and prey in the 
   
48 
 
region. Equipment deployed included a Video Plankton Recorder (VPR), 
echosounders, bongo nets, conductivity temperature and depth (CTD) sensors, 
expendable bathythermographs (XBTs), an acoustic Doppler current profiler (ADCP) 
and an underway thermosalinograph (TSG). Poor weather and sightings conditions 
plagued the cruise, resulting in few mammal sightings. At 3:10 pm on the final full 
day of the cruise (April 7), we observed our first of two right whales. The majority of 
the data collection presented here occurred in the hours following this sighting. 
Marine Mammal Observation 
We visually surveyed for marine mammals from the flying bridge of the R/V 
Endeavor using the naked eye, handheld binoculars, and two “Big Eye” (25x) 
binoculars mounted 10.2 m above the waterline, which were calibrated at the dock. 
Marine mammal observers rotated every half an hour between the two Big Eye 
stations and a recording station where observation took place using either naked eyes 
or handheld binoculars. Marine mammal observers recorded effort and sightings with 
a custom-built software program (VisSurvey, developed by Lance Garrison and Debra 
Palka) employed on National Oceanic and Atmospheric Administration (NOAA) 
marine mammal research cruises. Among the data recorded in this software were the 
species sighted, distance, latitude, longitude, time, date, behavior, and swim direction. 
The observer provided the remaining data, with the distance from the ship coming 
from the Big Eyes. Upon sighting a right whale, photographs were taken that were 
shared with the North Atlantic Right Whale Consortium (NARWC) and the NOAA 
Northeast Fisheries Science Center (NEFSC) for potential identification. 
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 Additional right whale observations approximately two weeks before and one 
week after our Endeavor research cruise were documented in the sightings database 
maintained by the NEFSC (https://www.nefsc.noaa.gov/psb/surveys/) (Figs 1, 2). 
Sightings in this database included those observed by mariners, and those recorded 
during aerial surveys in March and April 2018 conducted by the NOAA Northeast 
Fisheries Science Center. 
Video Plankton Recorder  
A Video Plankton Recorder (VPR) was deployed off the starboard side and towed 
aft of the ship. The VPR captured black and white images of plankton and particulate 
matter from 50 μm to a few cm in size using a paired strobe and camera operating at 
16 Hz with a 56 x 37 mm field of view. The resulting images represent 405.28 ml per 
frame. The Seascan VPR was mounted on a V-fin that also included a Seabird Fastcat 
CTD and a Wetlabs fluorometer/turbidity sensor. We towed the VPR behind the ship 
from the starboard side four times during our research cruise, paired each time with 
deployment of the active acoustic tow body (Fig. 1). It was towed at approximately 1.8 
m/s (3.5 knots) in a tow-yo mode, oscillating in a sawtooth pattern throughout the 
water column, with tows ranging from 38 to 79 minutes. We deployed the tow 
associated with the right whale sightings for 38 minutes. We first operated this 
deployment in tow-yo mode, and then we set the instrument at depths (36-42 m) where 
high densities of organisms were observed in real time echosounding data.  
Upon retrieving the VPR, we downloaded compressed video data and extracted 
regions of interest (ROI) from each image frame using Autodeck programming from 
Seascan. We hand processed each ROI to remove duplicate images and those with air 
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bubbles. We then classified the ROIs to general taxonomic groups and estimated 
density (counts and volume) per m3 using a modified version of Visual Plankton 
software implemented in Matlab and developed at the Woods Hole Oceanographic 
Institution (Tang et al. 1998, Davis et al. 2004). The data were then further hand-
processed for finer organism identification and measurement of Mertensia ovum 
ctenophores, hereafter referred to as Mertensia. We later used these measurements in 
calculations of density estimation and acoustic target strength (described below). 
Energy content of observed Mertensia was estimated by assuming a body density of 
1.009 (g m-3) that of seawater (Warren & Smith 2007), volume based on a prolate 
ellipsoid (4/3 * π * length * width2) parameterized by lengths and widths measured 
with from VPR images, and energy content of 0.21 kJ/g wet weight (Steimle & 
Terranova 1985).  
Bongo Net Sampling 
We towed Bongo nets in double oblique fashion to within 5 m of the bottom 
while the ship traveled between 1.5 and 2.0 knots. We deployed nets of 333 and 150 
μm on the two 61-cm diameter bongo frames. A shipboard computer system (SCS) 
monitored bottom depth, GMT, the ship’s position, and surface water temperature 
while a Seabird 19+ CTD deployed on the wire just above the bongo nets recorded 
oceanographic information along the cast. Samples were washed down into the cod 
end of the net with salt water and flushed into a sieve. We preserved samples from the 
333 μ net in formalin, while we preserved the samples from the 150 μ net in ethanol, 
which we changed after 24-48 hours. Zooplankton samples from bongo nets were sent 
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to the Polish Sorting Center for processing species and quantities. These samples are 
still being processed.  
The sample from the 333 μ net taken near the right whale observations was split 
in half and one half was sent to the Polish Sorting Center while the other half was 
processed at the University Rhode Island. The retained sample was split to 1/64 
volume, zooplankton taxa were enumerated. We measured and identified C. 
finmarchicus to stage, and we measured a sub-sample of 30 Pseudocalanus. 
Pseudocalanus refers to a mixture Pseudocalanus newmani and Pseudocalanus 
moultoni, which are extremely difficult to tell apart without molecular techniques 
(Bucklin et al. 2001).  Copepod caloric values were estimated using values from 
DeLorenzo Costa et al. (2006a) and converted from μg carbon per individual to 
calories (J) per individual using a relationship derived by Salonen et al. (1976). We 
used stage-specific caloric estimates for C. finmarchicus and a non-stage specific 
estimate for Pseudocalanus. We also examined regional historical zooplankton data 
from bongo samples on NOAA’s ECOMON surveys to provide context to the 
observations recorded on this cruise. We subset data to include data from March and 
April from the study area (defined for these purposes between 40˚30’00” and 
41˚17’00” latitude, and 70˚00’00” and 71˚29’ 36” longitude). We then summarized 
and plotted. C. finmarchicus and Pseudocalanus densities per m3 by year. 
Oceanographic Data 
A number of instruments were employed to characterize the oceanography during 
the cruise and in the right whale study area in particular. Instrumentation included 
CTDs, XBTs, a TSG, an ADCP, and chlorophyll satellite images. CTDs and XBTs 
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recorded physical oceanographic conditions at specific locations or on towed 
instrumentation.  We attached Seabird 19+ CTD instrumentation to the cable for 
bongo net tows, attached to the VPR tow body, and a separate Seabird 911 CTD and 
rosette. We deployed one XBT in the region of the right whale sightings and two more 
in other regions. CTDs deployed in the area of right whales included one on the CTD 
rosette, a second attached to the bongo net cable, and a third on the VPR tow body. 
Two instruments recorded along track oceanographic information throughout the 
cruise. The ADCP recorded currents at depth while the TSG recorded surface salinity 
and temperature from the ship’s flow-through seawater system. We examined the 
ADCP current data at 21 meters depth, where the ADCP data were most complete. We 
summarized current velocity in the u and v directions into its component parts (mean, 
trend, inertial, diurnal, semidiurnal, residual) (Siegel & Deuser 1997, Siegel et al. 
2008). We ran simulations in Matlab examining potential plankton transport over the 
course of the cruise and in the region of the right whale observations. Hypothetical 
particles were placed at the beginning of the right whale observation day and at the 
beginning of the cruise and then the recorded ADCP current data were allowed to act 
on these particles.  
We examined fluorescence, water temperature, salinity, and density data from the 
TSG over the course of the cruise and in the primary right whale observation region. 
MODIS Aqua 1-km satellite imagery of chlorophyll a, primary production, sea surface 
temperature, and oceanographic fronts (Belkin & O'Reilly 2009) were examined 
relative to right whale sightings, our cruise track, and underway fluorescence data. 
Modeled ocean currents from the Unstructured Grid Finite Volume Community Ocean 
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Model (FVCOM) were also examined relative to cruise tracks, right whale sightings, 
and satellite data (fvcom.smast.umass.edu/necofs). 
Echosounder Data 
We mounted two Simrad EK60 echosounders (38 and 120 kHz) and one 
Biosonics DT-X echosounder (206 kHz) on a custom-made tow body crafted from a 
former Klein side-scan sonar towfish. The tow body was deployed from a boom on the 
port side that was located approximately 5 meters forward of the stern. When 
deployed, the tow body was stable and horizontal while towed 2-3 meters below the 
surface at 3-4 knots.  
We calibrated the echosounders prior to deployment using standard techniques 
(Foote et al. 1987, Demer et al. 2015); however, we had difficulty placing the target 
sphere directly beneath the transducers in the center of the beams. Therefore, we did 
not use the Simrad ER60 beam model to calculate 38 and 120 EK60 transducer gain 
and Sa (area backscattering coefficient) correction. The calibration gains for the 38 
kHz and 120 kHz echosounders were calculated using the beam estimation LOBE 
program in Echoview software (Echoview 2018). Target observations were limited to 
those within 1 degree on either side of the target for the 38 kHz transducer, and within 
a quarter degree for the 120 kHz transducer. Using these observations, we adjusted the 
38 kHz gain such that the measured target strength matched the known target strength 
of the calibration sphere. The Sa (area backscattering coefficient) correction value for 
the 38 kHz echosounder was left as the default (0.0) due to few recorded target 
observations close to the center of the beam. Calibration values for the 120 kHz 
echosounder gain and Sa were calculated using methods outlined in the Simrad EK500 
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operation manual  (Simrad 1996). Theoretical Sa and target strength were combined 
with measured target strength and a previous estimate of gain to calculate new gain 









TS = target strength of the sphere 
σbs = 10 TS sphere/10 
r = distance between the transducer and the sphere  
r0 = 1 meter  
Ψ = 10dB-value/10 
G = transducer gain (Gold = previous gain estimate, Gnew = new gain estimate) 
Sa = area backscattering coefficient 
 
Calibration offsets for the 206 kHz echosounder were calculated as suggested by 
Biosonics (https://www.biosonicsinc.com/support/calibration-and-repair/) resulting in 
an offset parameter of -0.36 dB, slightly greater than the precision of the instrument 
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(0.2 dB). However, given that target sphere detections that were not in the center of 
the beam and were skewed to one side, we used the default value (0.0) for an offset 
parameter. The instrument was last factory calibrated roughly a year prior to the cruise 
(March 1, 2017) and therefore should have needed limited correction. Sound speed 
and the absorption coefficient for all transducers were calculated using CTD data from 
the study region (Mackenzie 1981, Francois & Garrison 1982). 
Echosounding data were processed using Echoview 8.0 software. Background 
noise removal was evaluated with established noise cleaning techniques (Ryan et al. 
2015). The data were determined to be fairly free of noise, and a 3 x 3 convolution 
filter (Echoview 2018) with a value of 1 in the center and 0.5 around the perimeter 
was applied to the 38 and 120 kHz data for a measure of smoothing. The setting on the 
Biosonics echosounder differed from the Simrad EK60s so we ran an Echoview 
function to match the ping times of the Biosonics echosounder to the EK60s. 
Interference from the Simrad EK60s was evident on the data collected by the 
Biosonics DT-X. This interference was manually removed by drawing polygons 
around the affected area and replacing data from a 5 row by 21 column Gaussian blur 
function followed by a convolution 3x3 convolution filter (1s in the first and last 
column and the 2, 1, 2 on the center column) (Echoview 2018). We decided upon the 
application of these filters by visual inspection such that the output retained the 
character of the cells in the surrounding layer. The substituted values were retained for 
school detection calculations such that the interferences were not reasons for breaks in 
detected schools, but were later removed when estimating organism’s density 
calculations. 
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Classification of acoustic data to potential prey types was explored through 
relative frequency response approaches. These methods use the fact that acoustic 
backscatter returned from one type of organism may vary by frequency from that 
returned from another type of organism. For example, the expected return from a 
copepod would increase with increasing frequencies from 38 to 120 to 200 kHz, 
whereas that from a fish with a swim bladder would be fairly steady across those same 
frequencies (Benoit-Bird & Lawson 2016). The ratios of these relative frequency 
responses depend on the properties of the animals rather than their abundance, so the 
relationship remains intact at varying levels of abundance (Korneliussen ICES 2018). 
Once classification has been established, abundance can be estimated using the 
magnitude of the backscatter at a particular frequency combined with the estimated 
target strength of the organism in question (Korneliussen Simmonds & MacLennan 
2005, ICES 2018) .  
A Z-score (normal deviate) method was applied to modeled frequency responses 
to classify acoustic backscatter to specific organisms observed on the cruise, 
specifically the ctenophore Mertensia and the copepod C. finmarchicus (De Robertis 
et al. 2010). To apply this method, we first needed to estimate the acoustic target 
strengths of each organisms. We estimated target strength of Mertensia and C. 
finmarchicus using Distorted Wave Born Approximation (DWBA) models (Chu et al. 
2000, Lawson et al. 2004) as has been done in other studies employing the Z-score 
methodology (Jech et al. 2018).  
We parameterized Distorted Wave Born Approximation (DWBA) models with 
length and width measurements of Mertensia from VPR images and measured lengths 
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of C. finmarchicus from bongo samples. Copepods were modeled as fluid-filled 
cylinders and ctenophores as ellipsoids. The density and sound speed ratios, g and h, 
play key roles in the DWBA models (g= ρa/ρsw and h= ca/csw, where ρ is density, c is 
the sound speed, a is the organism type and sw is seawater).  For Mertensia, g was set 
at 1.009 and h at 1.007 based on measurements from the ctenophore Mnemiopsis leidyi 
in Warren and Smith (2007). For C. finmarchicus, values of g and h were set at 1.02 
and 1.058 respectively based on (Lavery et al. 2007).  Orientation of the targets can 
also have a significant impact on calculated target strength. For copepods, target 
strength was averaged over a range of angles from 0 to 30 degrees as done in other 
studies (Benfield et al. 2000). For ctenophores (ellipsoids) the DWBA calculations 
were limited to discrete angles, so target strength was averaged over angles of 0, 30, 
60, and 90 degrees because we saw no reason for a ctenophore to favor one orientation 
over another. Pseudocalanus target strength based on DWBA models were not used 
because they could not be detected with the available frequencies employed on this 
cruise due to their small size limited target strength. 
 We classified acoustic backscatter to organism type through a DWBA-assisted 
Z-score approach (De Robertis et al. 2010, Jech et al. 2018).  Z-score classification 
uses mean pairwise frequency differences of volume backscattering strength Sv (dB re 
1m–1), and the standard deviations of these pairwise frequency differences, to estimate 
a Z-score for each cell. Specifically, the Z-score (normal deviate) is calculated as, Zk,l,m 
for sample l as described below: 
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where μ k,m and σ k,m are the sample mean and standard deviation of ΔSv from 
frequency pair k and taxon m (De Robertis et al. 2010).  
A more general relative frequency response was also applied to explore potential 
zooplankton frequency responses (Korneliussen ICES 2018). We relaxed the C. 
finmarchicus DWBA model output such that if the frequency response differences of 
the 120 kHz-38kHz Sv pair was >=10 dB and the 206 kHz-38 kHz Sv pair was >= 5 
dB, we classified this as potential zooplankton. No Sv threshold value was applied in 
this case because of the weak scattering of copepods at these frequencies. 
The acoustic data analysis was organized into a few groups based on acoustic 
response and sampled regions. We analyzed the bowtie-shaped sampling that occurred 
on April 7, 2018 separately and will be referred to as the right whale region going 
forward (Fig. 2). Within that region, separate subsets were assessed for the area where 
the VPR was towed at set depths (Fig. 2), and for the initial right whale sighting 
region, which we described as the northern corner of the right whale bowtie-shaped 
sampling region, covering approximately 1400 m of ship track. An adjacent acoustic 
tow that occurred the morning prior to the right whale sightings (April 6) was also 
assessed (Fig. 2). We also ran the Echoview school detection algorithm on the 
Mertensia Z-score output and the 206 kHz echogram to further summarize data from 
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At roughly 3:10 pm EST on the last full day of the cruise, we sighted the first of 
two right whales, and proceeded to sample the area for prey and oceanographic 
characteristics until approximately 10 pm (Fig. 2). The following Results section 
focuses on these right whale sightings and the prey and oceanographic sampling 
conducted in the region of the sightings. 
Marine mammals  
On April 7 we sighted two right whales (Fig. 2). After sighting the first right 
whale, we broke transect and monitored the location and dive pattern of this whale. 
Right whales were sighted 17 times and the average re-sighting time of right whales 
was 12 minutes, ranging from one to 31 minutes, and re-sighting locations did not 
suggest travel in a consistent direction, both of which are consistent with foraging. The 
whales were not observed surface feeding, were observed fluking, and presumed to be 
diving to depth. Preliminary identification by the NAWRC suggested one animal was 
a 9-year-old juvenile female that had been sighted in the southern New England region 
in previous years. 
The North Atlantic Right Whale Consortium documented 28 additional right 
whale sightings in this area before and shortly after our cruise (Fig. 1, 2). From March 
18 to April 11, 2018, 47 right whales were sighted among 28 groups that contained 
from one to six animals. Repeat sightings of the same animals on different days could 
be included in this count. 
Physical Oceanography 
We launched three XBTs for supplementary oceanographic information while 17 
CTD deployments occurred on a variety of platforms (bongo nets, CTD rosette, and 
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the VPR) (Fig. 1).  CTD data in the right whale region shows a slight pycnocline 
between 30 and 35 meters and the density (σθ) below 35 m just shy of 1026 kg m-3, 
with warmer but saltier water below and colder fresher water above (Fig. 3A). In an 
adjacent area, there is also a slight pycnocline, but with a much more gradual 
transition to denser water with depth, very little change in salinity, less change in 
density, and density below the thermocline of about 25.75 kg m-3 (Fig. 3B). In this 
region the temperature change is again slight, but opposite of the first site, with colder 
water below and warmer on the surface. 
Assessment of measured ADCP currents on the cruise (not shown), both over the 
whole course of the cruise and specifically in the right whale sighting region, 
suggested that currents were dominated by tidal and inertial currents, resulting in little 
mean flow over time. A simulation of Lagrangian trajectories based on ADCP 
measurements showed a circular movement over the course of the 24 hours, with a 
maximum displacement of only about 100 m, finishing roughly 85 m from the starting 
point (Fig. 4).  
Satellite images of chlorophyll a and chlorophyll a fronts showed a bloom over 
Nantucket shoals during the cruise (Fig. 5). Right whale sightings were generally 
located adjacent to the front, on the northwest side with lower chlorophyll levels. The 
chlorophyll a pattern observed in the satellite data generally aligns with fluorescence 
observed in the TSG measurements where a transition in chlorophyll levels was in the 
region of the right whale sightings. The high chlorophyll area also generally coincides 
with high velocity currents shown in ocean models over the shallower Nantucket 
Shoals, with the chlorophyll levels dropping just outside of these shallow high current 
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areas (http://fvcom.smast.umassd.edu/necofs/), suggesting a  transition area where 
zooplankton could aggregate.  
Zooplankton 
Bongo samples on the cruise, and in the right whale observation region, were 
fouled by the large phytoplankton bloom. Therefore, sampling using bongo nets could 
be used for qualitative assessment, but quantitative values should be interpreted with 
caution. In addition, fragile ctenophores were unlikely to endure the intensive rinsing 
process necessary to flush zooplankton samples to the cod end of the clogged nets. 
That said, the bongo sample in the region of the right whales (Fig. 6) was dominated 
by Pseudocalanus and C. finmarchicus, where Pseudocalanus per m3 out-numbered C. 
finmarchicus by roughly 2 to 1, 1257 to 644 respectively (Fig. 6). Later stages of C. 
finmarchicus were the most prevalent and stage five was present in the highest 
numbers (Table 1). Despite being outnumbered, C. finmarchicus present in the sample 
represented roughly three times the caloric value of Pseudocalanus, with a total of 
4,190 J m-3 combined between the two taxa. Bongo samples collected by the NOAA’s 
Northeast Fisheries Science Center during March and April in the study region show 
mean copepod densities lower than observed in our study (251 C. finmarchicus m-3, 
548 Pseudocalanus m-3), though in similar proportions (Fig. 7). Median values were 
lower, illustrating their patchy nature, and more skewed towards Pseudocalanus (72 
C. finmarchicus m-3, 299 Pseudocalanus m-3). The NOAA time series shows that 
densities are highly variable, particularly for Pseudocalanus, and the historical peaks 
correspond more closely to the densities observed in our study. 
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We deployed the VPR four times during the cruise. The VPR cast (Fig. 2) in the 
right whale region found almost no copepods (0.29·m-3), large quantities of marine 
snow (197.3 observations·m-3), and many gelatinous organisms (30.2·m-3), 
particularly the ctenophore Mertensia 22.4·m-3). Counts of Mertensia between 36 and 
42 m depth averaged 43 m-3, with a maximum of 493 m-3. The maximum density 
during the entire VPR tow was 1,233 m-3. Individual Mertensia were also measured 
and found to have a median length of 3.88 mm (std=1.17, range=1.80-8.03) and a 
median width of 2.56 mm (std=1.17, range=1.52-4.57). Median weight per ctenophore 
was estimated at 0.11 g, which multiplied by 0.21 kJ/g, resulted in an energy density 
of 23.11 J per ctenophore. The total median ctenophore energy density in the portion 
of the VPR tow stationed at particular depths (36-42 m) was 955.10 J m-3, and the 
maximum recorded in this range within 10 m distance intervals was 11,404 J m-3. The 
maximum among the whole VPR tow (including tow-yo regions) was 28,511 J m-3.  
We deployed the echosounding tow body 5 times during the course of the cruise 
(Fig. 1). The tow body was deployed for approximately 4.75 hours in the region of the 
right whales on April 7 and for 2 hours in an adjacent area the previous day. The 
acoustic returns in the right whale observation region showed a distinct and consistent 
layer at roughly 35-40 m depth that was increasingly distinct with increasing 
echosounder frequencies (Fig. 8). Acoustic data in the adjacent region one day prior 
showed a similar layer slightly shallower (Table 3) that became narrower moving east 
to west.  
Given that Mertensia and C. finmarchicus are both small relatively weak 
scatterers, the DWBA target strength calculations of both Mertensia and C. 
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finmarchicus resulted in mean dB values that would be difficult to distinguish from 
background noise, particularly at low densities and with the 38 kHz echosounder 
(Table 2). The estimated target strengths decreased in the 206 and 120 kHz 
frequencies with an increasing orientation angle, and in all frequencies, the number of 
outliers markedly increased at a 90˚ angle. These low target strengths combined with 
large standard deviations could bias classifications. Low concentrations of these 
organisms with low target strengths would likely not be detected, as the received 
backscatter would not be discernable from background noise. However, higher 
concentrations could theoretically be detected using the relative frequency responses 
(Table 2). The DWBA calculations resulted in relative target strengths that had very 
narrow standard deviations for C. finmarchicus, and much wider standard deviations 
for Mertensia.  
Applying these target strengths to echosounding data collected in the right whale 
region resulted in very few classifications of C. finmarchicus, and many for Mertensia, 
particularly in the dense, consistent layer observed at ~40 m depth (Fig. 9). Using a 
restrictive maximum Z-score value of one, the estimated mean density of Mertensia in 
the bowtie right whale sampling region was 2233 individuals per m3, and 2635 per m3 
when limited to the region where we held the VPR at depths associated with the layer 
observed acoustically (Table 3, Fig. 9). Classification of C. finmarchicus using the Z-
score approach with the available frequencies yielded almost no detection of C. 
finmarchicus and therefore we do not provide those results here. We also applied a 
more lenient classification approach solely using the relative frequency differences 
(120-38 >=10 dB, 206-38 >= 5 dB), although this also resulted in few detections of C. 
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finmarchicus (Table 3). Estimated detected density using the target strength at 206 
kHz resulted in estimates of single digits per m3.  
Data from the adjacent transect on the previous day yielded similar densities to 
those in the observed right whale region, with an estimate of 1957 Mertensia per m3 
and very few C. finmarchicus detected acoustically. A general characterization of the 
regions, as defined by the school detection algorithm applied to the 206 kHz 
frequency, showed a similar backscatter response among frequencies. The mean depth 
of the layer was about 3 m shallower, and somewhat narrower, than the right whale 
region. The layer also thinned to the west, but both regions show consistent layers 
spreading more than 12 km along the ship tracks. 
 
DISCUSSION 
The continental shelf south of New England has recently been found to be a more 
important right whale habitat than previously thought, particularly in the late winter 
and early spring (Leiter et al. 2017). Our study investigated possible food resources in 
this region while near two right whales presumed to be foraging sub-surface. 
Echosounding data showed a dense layer of organisms at 35-40 m that aligned with a 
slight pycnocline at a density that has been associated with diapausing C. finmarchicus 
in other regions (Davies et al. 2014). Echosounding and VPR data suggest that this 
layer consisted primarily of ctenophores, although net sampling captured copepods 
that were not visible in echosounding or VPR data. Our results suggest that the right 
whales may be foraging on a more diverse food assemblage than typical of most 
traditional foraging regions, with a combination of Pseudocalanus and C. 
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finmarchicus copepods more similar to Cape Cod Bay (DeLorenzo Costa et al. 2006a), 
plus the possible consumption of ctenophores. Ancillary current, satellite, and ocean 
model data hint at tidally driven fronts that could concentrate zooplankton prey in this 
region. 
The echosounding data provided insight into the water column structure, showing 
a consistent layer of backscatter centered at roughly 40 m during the right whale 
sightings. We observed this same pattern on the previous day just to the north, with a 
consistent layer at a similar depth that returned similar backscatter among the three 
available frequencies. Both layers stretched the majority of the ship track (>12 km) 
and thinned somewhat towards the west (Table 3, Fig. 9). The consistency in 
backscatter across time, area, and direction suggests a large and consistent feature.  
Classification of the echosounding data based on DWBA models suggested that 
much of this layer could be filled with Mertensia, which would match with the VPR 
observations. However, modeled target strengths of an individual Mertensia were 
quite low, meaning that small concentrations would acoustically blend with 
background noise and not be detectable with the available frequencies. The standard 
deviations of the estimated target strengths were also quite broad, in part because we 
had no basis for choosing a particular orientation for the ctenophores. To compensate 
for these drawbacks, we took steps to limit potential misclassification. The Z-score 
was limited to a maximum value of 1 to partially limit the effect of this broad target 
strength, whereas a value of 2 was proposed when the methodology was developed 
(De Robertis et al. 2010), and values as high as 6 have been used in some cases (Jech 
et al. 2018). In addition, only areas with a backscatter of at least -80 dB in the 120 kHz 
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frequency were considered for the Z-score classification to further limit erroneous 
classification or potential contamination from background noise, and mean values in 
the Z-score defined Mertensia layers were well below -80 dB among all frequencies.  
While acoustic methods were unable to effectively detect most copepods, dense 
aggregations of C. finmarchicus should have been discernable in the insonified area of 
the water column as strong backscatter in the 206 kHz, and little or none in the other 
frequencies, had they been there. Mutlu (2003) detected dense copepod aggregations 
with 120 and 200 kHz echosounders, and previous right whale studies have detected 
dense aggregations of C. with 200 kHz echosounders in (Wishner et al. 1988, 
Macaulay et al. 1995, Beardsley et al. 1996). David et al. (1999) argued that 
zooplankton (mysids) were detectable as small as 3 mm at 120 kHz, ¼ of the 
wavelength. C. finmarchicus measured from the bongo sample in the right whale 
region had a mean size of 2.1 mm and a maximum size of 3.0 mm, making them 
essentially undetectable at 120 kHz. At 206 kHz, a minimum size of 1.8 mm could be 
detected, placing most of the C. finmarchicus just within the detectability range, and 
all Pseudocalanus in our study would be undetectable (mean size = 0.9 mm, max 
=1.19 mm). Detection of dense aggregations of C. finmarchicus copepods is 
theoretically possible, but smaller aggregations would likely be indistinguishable from 
background noise given their low target strength. Attempts at classifying the acoustic 
backscatter with the Z-score approach resulted in almost no areas classified as C. 
finmarchicus, and few areas were classified as C. finmarchicus even when relaxing the 
criteria to require less difference between frequencies. 
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The bongo net collected copepods in numbers that were not evident in either the 
acoustic data or the VPR. If there were dense aggregations of copepods present, they 
could have been missed at the near surface or at the bottom. Echosounding processing 
required removing the first few meters of data below the echosounder, and the tow 
body itself was deployed a few meters below the surface. In addition, bottom detection 
was done automatically in Echoview, and then was raised approximately one m to 
make sure there was no acoustic contamination from the ocean bottom structure. 
However, given that the whales appeared to be diving and not surface feeding, it 
seems unlikely that the surface was a source of dense copepods captured in the bongo 
nets and not detected in acoustics. The copepods may have been spread throughout the 
water column, and therefore invisible to the acoustics due to their sparsity, or they 
could have been concentrated near the bottom and the bongo net may have fished 
deeper than expected.  
The C. finmarchicus and Pseudocalanus from the sole net sample were within the 
historical ranges of densities for that region. The average densities were on the high 
end of the historical range and the C. finmarchicus:Pseudocalanus ratio was similar to 
what has been recorded historically, even with a partially clogged net that could 
reduce the number of captured copepods. The estimated C. finmarchicus density was 
also similar to regional values found in the Great South Channel during a right whale 
study (585 m-3), but less than areas more directly associated with a right whale 
observation (1136 m-3, (Wishner et al. 1995) and 8700 m-3,mean density, (Beardsley et 
al. 1996).  Densities were much less than those found in the Bay of Fundy near 
feeding right whales (6618 +/- 3481 m-3) and Cape Cod Bay (14778 +/- 18594 m-3) 
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(Baumgartner & Mate 2003, Fortune et al. 2013). However, observed energy densities 
near feeding right whales were quite variable, particularly in Cape Cod Bay. The 
observed estimated copepod energy content in this study (4190 J m-3, Table 1) did fall 
within the range of those found in Cape Cod Bay (1 to 87 kJ m-3), where the mean 
energy density was 20  +/- 22 kJ m-3 and the mean particle density was in the range of 
~6000 m-3 (Fortune et al. 2013). 
Dense aggregations of C. finmarchicus are known to have patchy and ephemeral 
distributions. C. finmarchicus patch sizes have been reported elsewhere as occurring 
on the scale of 0.3-0.5 km (Wishner et al. 1995). Given that similar densities have 
been found with net sampling in other areas known to be right whale feeding areas, it 
may be that the sampling was not directly in the dense patch where the whales were 
feeding., Net clogging by the phytoplankton bloom also could have significantly 
reduced estimated density, and integrating density throughout the water column may 
not be appropriate if C. finmarchicus are concentrated in discrete layers. 
The VPR data did not align with expectations, but did align with prey 
classification from the acoustic data, at least in organism type, if not in number. The 
VPR-based Mertensia density estimation in the dominant acoustic layer was far lower 
than what was expected based on DWBA acoustic calculations. At these levels, the 
energetic content for a right whale would be paltry. However, there were instances in 
the tow-yo portion of the VPR tow where observed density reached values similar 
(1234 m-3) to those estimated with the acoustics. Densities such as these would put 
caloric values within the estimated right whale metabolic needs (28,512 J m-3) 
(Kenney et al. 1986, Fortune et al. 2013). Similarly, echosounder estimated Mertensia 
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energy content was actually in line with estimated copepod energy densities in Cape 
Cod Bay (20 +/- 22 kJ m-3) (Fortune et al. 2013). 
Right whales have previously been reported to consume gelatinous prey. Kenney 
(2008) reported observations of right whales feeding on salps in the Bay of Fundy, and 
Winn and Wishner (1987) found dense ctenophore layers mixed in with C. 
finmarchicus, explaining observations of ctenophores found in right whale stomachs. 
Recent research has shown that despite the low energy density of gelatinous prey, they 
are consumed by many more species on a regular basis than previously thought. 
Predators include sea birds (McCanch & McCanch 1996), dogfish (Smith et al. 2016), 
salmon (Arai et al. 2003), tuna (Llopiz et al 2010), turtles (Smolowitz et al. 2015), 
penguins (Thiebot et al. 2016), and numerous other taxa (Hays et al. 2018). Hays et al. 
(2018) hypothesized that rapid digestion and availability are two components that may 
make consumption of gelatinous prey worthwhile, making it possible to consume large 
amounts over short durations. Consumption of ctenophores may also provide 
additional value in the form of ingesting newly captured copepods, boosting energy 
density, and undiscovered nutritional benefits aside from caloric needs. Whether 
consumption of gelatinous prey is incidental or purposeful, it is possible that it 
contributes to right whale diet.  
Oceanographic data for the right whale region hints at a potential mechanism for 
the aggregation of zooplankton. In theory, the Coastal Current comes out of the Gulf 
of Maine and washes over Nantucket Shoals, bringing with it diapausing C. 
finmarchicus and other plankton, which then aggregate at tidal fronts as the water 
comes off the shoals, aligning with the 1026 kg m-3 density layer. Satellite imagery 
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and TSG data show a chlorophyll bloom over the shallower areas of Nantucket Shoals 
and a chlorophyll frontal transition where the waters deepen, which also generally 
aligns with the 2018 March-April right whale observations (Fig. 5). This chlorophyll 
transition could be a proxy for subsurface density changes as well. Diapausing C. 
finmarchicus have been shown to aggregate at density layers of 1026 kg m-3 where 
they have a neutral buoyancy (Davies et al. 2013, Davies et al. 2014), which also 
defined the layer beneath the pycnocline in the right whale observation region. 
Furthermore, ADCP data suggests currents in this region are dominated by tidal and 
Coriolis forces, implying the possibility of tidally driven fronts that may aggregate 
zooplankton. This region of frontal transition and many of the March-April right 
whale sightings also align with a spring right whale hot spot documented via aerial 
surveys (Leiter et al. 2017). 
 Right whale prey resources and habitat use may be broader than the dominant 
view of right whales acquiring the vast majority of their calories from C. finmarchicus. 
Right whales have previously been found in areas without high densities of C. 
finmarchicus (Baumgartner & Mate 2005) and DeLorenzo Costa et al. (2006b) found 
right whales taking advantage of a seasonally shifting abundances of different 
zooplankton (Centropages typicus, Pseudocalanus, and C. finmarchicus) in Cape Cod 
Bay. As mentioned previously, gelatinous prey have been consumed at times, and 
krill, pteropods, and barnacle larvae have also been documented as occasional prey 
(Kenney 2008). Recent observations of right whales in the Gulf of St. Lawrence 
suggest spatial overlap with the copepod Calanus glacialis, also a likely prey item 
(Mayo et al. 2001, Brillant et al. 2017, Plourde et al. 2019). With shifts in right whale 
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distribution (Pace et al. 2017), and newly documented habitat use in southern New 
England and the mid-Atlantic (Davis et al. 2017), it is reasonable to assume that non-
C. finmarchicus prey may constitute a larger portion of their diet than previously 
assumed. Foraging on non-C. finmarchicus prey may be more probable in areas south 
of the Gulf of Maine where C. finmarchicus presence is less likely. Pseudocalanus in 
particular may provide a less calorie dense but more stable food source given that it is 
unlikely to enter diapause in deeper waters during winter at lower latitudes 
(DeLorenzo Costa et al. 2006a). Dense patches of ctenophores or other gelatinous prey 
may also provide sustenance when whales are unable to find energy dense C. 
finmarchicus. It remains to be seen whether a more diverse diet is typical of right 
whales historically, or if it is due to the whales not being able to find their preferred 
prey in satisfactory densities due to a shifting ecosystem and climate.  
The recovery of the North Atlantic right whale population has been constrained 
by entanglement and ship strike (Corkeron et al. 2018). A changing climate in which 
C. finmarchicus densities are predicted to decrease in their traditional feeding areas 
(Grieve et al. 2017) suggests that whales may have to seek out new foraging locations 
or different prey sources (and may already have) (Record et al. 2019). These 
distribution shifts may put whales in areas with increased risks of human interactions  
and reduced prey availability has been shown to be correlated with increased calving 
intervals (Meyer-Gutbrod et al. 2015, Meyer-Gutbrod & Greene 2018). In this shifting 
environment, it is important to understand the processes driving both whale and prey 
aggregation so that an understanding of these processes can inform future management 
measures (Meyer-Gutbrod et al. 2018).  
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This study examines an area that was recently found to be a more important right 
whale habitat than previously thought, with 30% of known calving females visiting 
this area, whales occupying the region throughout the year, and documented foraging 
during the late winter and early spring (Davis et al. 2017, Leiter et al. 2017). That said, 
little work had been done to quantify the potential prey field and the oceanographic 
factors driving aggregations of prey. We examined the relationships between physical 
oceanography, plankton distributions, and right whale observations and found a more 
diverse prey field than typically found in right whale foraging areas, with possible 
contributions from ctenophores, and a potential mechanism for plankton aggregation. 
While the cruise upon which this study is based is but a detailed snapshot of a specific 
area, the study draws from wider sources, making the findings relevant to the larger 
southern New England region and the late winter/early spring season. However, 
additional data are needed to ensure the future of this highly endangered whale, and 
we plan to further test the hypotheses presented in this paper with upcoming cruises. 
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Table 1. Bongo net sample density and estimated energy contents by taxa and by stage 












J/m3     
(+/- std)
Bongo Psuedocalanus Unknown 1256.70 0.84 0.01 1052.05 17.34
Bongo C. Finmarchicus Female 79.69 6.84 1.64 544.72 11.22
Male 24.52 8.77 0.98 215.09 8.59
V 18.39 7.79 1.98 1909.54 15.40
IV 128.74 2.51 0.78 354.11 1.96
III 141.00 0.63 0.23 80.53 0.14
II 245.21 0.18 0.01 3.30 0.00
Unknown 6.13 5.06 0.17 30.99 0.84
Total 643.68 3138.28 21.02
Bongo
Psuedocalanus & 
C. Finmarchicus Total 1900.38 4190.32 27.25  
 
Table 2. Distorted Wave Born Approximations (DWBA) of acoustic target strength 
from Mertensia ovum and Calanus finmarchicus and the relative frequency difference 
among 38, 120, and 206 kHz frequencies. 
 
Taxa Target Strength 38 kHz 120 kHz 206 kHz
Pleurobrachia Mean -110.73 -96.16 -99.27
Standard Deviation 7.36 4.86 7.44
Calanus finmarchicus Mean -118.25 -99.10 -91.60
Standard Deviation 7.71 7.33 6.46
Relative Frequency Difference 38-120 kHz 206-120 kHz 206-38 kHz
Pleurobrachia Mean Difference -14.57 -3.11 11.46
Standard Deviation of Difference 4.83 9.06 10.74
Calanus finmarchicus Mean Difference (model) -19.15 7.51 26.65
Standard Deviation of Difference 0.39 0.93 1.32  
 
 
   
 
81 
Table 3. Summary of acoustic characteristics on April 6 and 7, 2018. Data are subset by day and by the area where the Video Plankton 
Recorder (VPR) was set within an acoustically visible layer, the initial right whale sighting area (~1400 m of ship track in the northern 
corner of the bowtie shaped sampling area), and an area of the track defined by a school detection algorithm applied to 206 kHz 
frequency data. Acoustic analysis are presented for areas with a Distorted Wave Born Approximation (DWBA) Mertensia ovum Z-
score of <=1 and a minimum return of -80 dB re 1m–1, an acoustic relative frequency pattern representing potential copepods, and a 
general characterization of the 206 kHz school detection subset. Sv refers volume backscattering strength (dB re 1m–1). 
Region Subset Analysis
38 kHz Mean 
Sv (Std)
120 kHz Mean 
Sv (Std)














Right Whale (4/7/18) VPR Mertensia ovum  Z-score <= 1 -70.9 (-1.4) -62 (-1.6) -62.6 (-1.6) 40.5 3 1,222.1 2,634.7 60,887.9
Right Whale (4/7/18) Initial Sighting Mertensia ovum  Z-score <= 1 -75.6 (-1.4) -65.6 (-1.7) -65.9 (-1.9) 38.1 16.9 1,410.5 1,146.4 26,493.3
Right Whale (4/7/18) All Mertensia ovum  Z-score <= 2 -71.4 (-1.1) -62.7 (-1.5) -63.4 (-1.9) 41.8 11.9 14,317.4 2,233.0 51,604.6
Adjacent Track (4/6/18) All Mertensia ovum  Z-score <= 3 -71.5 (-1.3) -63.2 (-1.4) -64.3 (-1.6) 37.6 4.8 6,020.2 1,957.1 45,228.6
Right Whale (4/7/18) VPR Copepod pattern* -102 (-31.0) -90.3 (-34.9) -84.2 (-32.2) 40.5 3 1,222.1 5.5** 27.8**
Right Whale (4/7/18) Initial Sighting Copepod pattern* -103 (-21.9) -91.3 (-24.7) -85.1 (-26) 38.1 16.9 1,410.5 4.5** 22.6**
Right Whale (4/7/18) 206 kHz School Detection Copepod pattern* -100.7 (-22.9) -89.3 (-25.5) -83 (-36.1) NA NA NA 7.3** 36.9**
Right Whale (4/7/18) All Copepod pattern* -105.8 (-38.2) -94.4 (-41.8) -88 (-60.8) NA NA NA 2.3** 11.5**
Adjacent Track (4/6/18) All Copepod pattern* -112.7 (-74) -101.5 (-78.6) -95.2 (-82.8) 29.9 43.7 13,671.8 0.4** 2.0**
Right Whale (4/7/18) 206 School Detection General characterization -71.2 (-0.8) -61.8 (-1.7) -63.5 (-1.9) 39.3 13.6 13,436.7 NA NA
Adjacent Track (4/6/18) 206 School Detection General characterization -69.3 (-1.3) -63.5 (-1.6) -64.1 (-1.8) 36.1 8.2 12,449.3 NA NA
* Increasing Sv with increasing frequencies with a minimum of 10 dB difference between the 38 kHz nd 120 kHz frequencies, and minimum 15 dB difference between 38 kHz and 206 kHz frequencies
** Assuming Calanus  energy content and target strength at 206 kHz  









Figure 1. Study area, right whale sightings, and oceanographic sampling locations. 







Figure 2. Close up of primary study area with right whale sightings, and 
oceanographic sampling locations. Northeast Fisheries Science Center (NEFSC) 







Figure 3. Temperature (C°) (dashed blue line) and density (σθ kg m-3) (solid red line) profiles by depth (m) conducted near 






Figure 4. Simulated track of plankton on April 7 based on ADCP data at 21 m depth. 






Figure 5. Right whale sightings, April 2018 chlorophyll a mean values from the 
MODIS Aqua satellite, and chlorophyll a measurements from a shipboard fluorometer 












Figure 7. Annual study area Calanus finmarchicus and Pseudocalanus densities (m-3) from NEFSC ECOMON surveys in March and 






Figure 8. Example echograms (dB re 1m–1) in the right whale region showing an acoustic layer at roughly 40 meters depth. Images are 
38 kHz (top), 120 kHz (middle), and 206 kHz (bottom).The gridding represents 5 meter depth and 100 m length intervals, stretching 






Figure 9. Echograms of 120 kHz Sv limited to backscatter <= -80 dB re 1m–1 and a Mertensia ovum Z-score <= 1. (A) region of the 
initial right whale sighting on April 7, 2018, (B) the area sampled by the VPR (black box) on April 7, 2018, and (C) a section of an 
adjacent transect on April 6, 2018 just north of the location of the initial right whale sighting. The gridding represents 10 meter depth 
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Managing human impacts on marine mammal populations depends on 
understanding their distributions in space and time. Knowledge of these distributions 
is becoming increasingly important due to offshore energy development and climate 
induced shifts in oceanic habitat. Most models assessing pelagic marine mammal 
abundance and distribution primarily use ocean surface or bottom variables as proxies 
for water-column components driving habitat. Here we use a ship-based marine 
mammal sighting survey to test the utility of echosounder-based predictive variables 
for modelling marine mammal distribution and abundance. We assessed the 
distribution of seven marine mammal species along the shelf break south of New 
England relative to the spatial structure of organism groups derived from acoustic 
data with an established algorithm. We used this algorithm to classify detected prey 
into four categories: 1) fish with swim bladders, 2) larval fish and zooplankton, 3) 
fluid-like zooplankton, and 4) fish with no swim bladder. Acoustic backscatter was 
quantified using the area backscattering coefficient along the survey track line within 
bins 1000 m in length and either 50 or 200 m in depth.  We then built Generalized 
Additive Models (GAMs) using only these acoustically derived variables to explain 
marine mammal distribution. The resulting GAMs explained between 1% and 37% of 
deviance, with model fit reflecting feeding depth and prey preference. This work 
demonstrates the potential of echosounding to model marine mammal distribution and 






Human endeavors are increasingly encroaching on marine pelagic habitat. 
Fishing and shipping have long occurred in pelagic waters, and now energy 
development is expanding further into offshore environments (US Executive Order 
No. 13795). Constraining the impacts of these activities on marine life requires a 
thorough understanding of the distribution, abundance, and habitat use of the animals 
that occupy these waters. Marine mammals in these waters are of particular concern, 
whether due to their protected status under the US Marine Mammal Protection Act, 
specific concerns for small and endangered populations (e.g. US Endangered Species 
Act), or high sensitivity to sonar (DeRuiter et al. 2013) or construction impacts such 
as pile driving (Brandt et al. 2011). 
Recent studies modelling marine mammal coast-wide distributions in both the 
Atlantic and the Pacific linked data from marine mammal surveys to environmental 
covariates, nearly all of which represented either ocean surface or ocean floor 
characteristics (Forney et al. 2012, Roberts et al. 2016, Becker et al. 2019, Chavez-
Rosales et al. 2019). These environmental covariates, while proven useful, act as 
proxies for water-column characteristics such as prey concentrations that define 
pelagic habitat but are not directly sampled. A few studies have examined spatial 
organism structure within the water column as it relates marine mammal distribution 
(e.g. Benoit-Bird & McManus 2012, Benoit-Bird et al. 2013). However, until now, 





The portion of the northwest Atlantic that is south of New England along the 
shelf break (Figure 1) has regionally high densities of marine mammals during the 
summer, yet we know little about the distribution of prey resources in this region. 
Typical fish sampling for management purposes focuses on continental shelf bottom 
fish, and limited effort has focused on pelagic habitat and the area off the continental 
shelf. Yet, to pursue offshore energy development in the US, companies must comply 
with the Marine Mammal Protection Act (MMPA). The MMPA requires an 
assessment of factors that could cause a decline or impede recovery of strategic 
stocks, including the effects on marine mammal habitat and prey. In our study region 
strategic stocks include right (Eubalaena glacialis), fin (Balaenoptera physalus), sei 
(Balaenoptera borealis), blue (Balaenoptera musculus), sperm (Physeter 
microcephalus), long-finned pilot (Globicephala melas), and short-finned pilot 
whales (Globicephala macrorhynchus) 
In order to assess available prey during an abundance survey, two likely options 
are to conduct net sampling or echosounding. Net-based pelagic prey sampling 
relevant to marine mammal observations is difficult to accomplish on a marine 
mammal abundance survey where the primary objective is to count cetaceans along a 
constantly moving track line. Net sampling during the day limits marine mammal 
observing, and sampling at night results in a temporal mismatch between sightings of 
highly mobile animals and prey resources in the water column. An alternative is to 
examine organism spatial structure in the water column with echosounding while 




Biological acousticians have done extensive research on distinguishing marine 
organisms from their acoustic backscatter (Benoit-Bird & Lawson 2016). The 
principles are founded in mathematical acoustic scattering models (Stanton et al. 
1998, Stanton & Chu 2000) and validated in both controlled (Wiebe et al. 1990, 
Stanton et al. 2004)  and field testing (Wiebe et al. 1996, Lawson et al. 2001, Lawson 
et al. 2004). An organism’s characteristic backscatter depends on the acoustic 
frequency encountering the organism, as well as its shape, orientation, and body 
structures. Organisms can be categorized acoustically by using something called a 
relative frequency response. This approach uses the fact that organisms have a 
characteristic backscattering response to particular echosounding frequencies, 
allowing researchers to distinguish unique patterns particular to a certain class of 
organism. Multi-frequency classification approaches using this technique have been 
employed successfully numerous times in the field (Korneliussen & Ona 2002, Jech 
& Michaels 2006, Benoit-Bird 2009, De Robertis et al. 2010, Trenkel & Berger 2013, 
Jech et al. 2018). 
In this study we employ the multi-frequency organism classification algorithm 
develop by Trenkel and Berger (2013) to quantify the acoustic response into four 
organism types (fish with swim bladders, larval fish and phytoplankton, fluid-like 
zooplankton, and fish with no swim bladder). We then used the categorized 
backscatter to model marine mammal distribution along the track lines. We hope the 
results of this study could spur incorporation of prey and water column structure in 




then contribute to improved management of marine mammals through more accurate 
modelling of species distribution. 
 
METHODS 
Survey Design  
The National Oceanic and Atmospheric Administration (NOAA) collected 
marine mammal observations and echosounding data during the summer of 2013 as 
part of the Atlantic Marine Assessment Program for Protected Species (AMAPPS). 
AMAPPS is a comprehensive multi-agency research program to assess the 
abundance, distribution, ecology, and behavior of marine mammals, sea turtles, and 
seabirds throughout the US Atlantic Outer Continental Shelf, from Maine to the 
Florida Keys. The AMAPPS program has conducted research that spans taxonomic 
groups and trophic levels and provides an integrative view of protected species, 
placing them in an ecosystem context that can help inform marine federal protected 
species management decisions  (NOAA 2013).  
NOAA collected marine mammal sightings and echosounding data used in this 
study on two shipboard surveys conducted on the R/V Bigelow from July 2 through 
August 18, 2013.  The ship ran established transects that are repeated each abundance 
survey. The transects considered for this study include 22 transects that traverse the 
continental shelf break, where each transect is a straight line intersecting the shelf 
break at diagonal angles (Figures 1-3). Echosounding equipment was set to passive 




cruise objectives, and we did not consider these portions for our analysis. Among 
these 22 transects, 18 were used in this study, although several transects were 
repeated, resulting in 24 total (Figure 1). Occasionally, only portions of a transect 
were sampled due to weather or time considerations, where the remainder of a 
transect was sampled the following day when the echosounding equipment was 
recording in passive mode. In all, we analyzed survey data from approximately 1200 
km of track line in this study. 
Marine Mammal Observing 
While traversing these transects, two independent observing teams visually 
scanned for cetaceans, seals, turtles, and some fish species. We only analyzed data 
from the upper team, as they are typically the more accurate team with the best 
sighting vantage point. Each team consisted of two people surveying with high-
powered “Big Eye” binoculars (magnification power of 25 with a 150 mm lens), and 
at least one person recording sightings and observing with the naked eye. The data 
were recorded in VizSurvey, a custom NOAA software program created by Lance 
Garrison and Debra Palka. Data recorded included numerous aspects of each sighting, 
including species, a best estimate of group size, behavior, location, distance and angle 
from the ship, and sea state, among other variables. If observers could not discern a 
sighting’s species, the sighting was classified into a more general species groups. 
We adjusted sighting locations along the transect so that they aligned with the 
proper echosounding data. For example, if observers recorded a sighting at a distance 




sighting a time stamp associated with the approximate position of the ship in 1700 m, 
given its mean speed. This way, the echosounding data match that of the animal’s 
location.  
Echosounding Processing 
Echosounding data were collected using a Simrad EK60 system consisting of 18, 
38, 70, 120, and 200 kHz transducers.  The system was mounted in the keel of the 
R/V Bigelow and calibrated prior to the cruise with standard calibration techniques 
(Foote et al. 1987, Demer et al. 2015). We undertook several steps to clean the data. 
The data from each frequency were evaluated for noise contamination and attenuation 
and cleaned following the methods proposed by Ryan et al. (2015) and implemented 
in Echoview version 9.0 (Echoview 2018). Impulse noise removal, attenuated signal 
correction, transient noise removal, and background noise removal were evaluated for 
each frequency and parameters tuned accordingly. We only applied the transient noise 
filter to the 18 and 38 kHz frequencies, as its effect was not apparent in the higher 
frequencies.  
We removed the first 10 meters of water column and the areas below the sea 
floor from consideration for this analysis. We removed the initial 10 meters due to the 
echosounder near field effect where detected values close to the echosounders are not 
accurate, and because of potential bubble interference in the surface waters. Since we 
were primarily concerned with pelagic structure, we ensured that echosounding 




bottom line was fist drawn automatically by Echoview’s best bottom candidate 
algorithm, and then buffered 3-5 m upwards and manually adjusted.   
After the primary data cleaning, we applied the Echoview school detection 
function for each frequency. The purpose of this step was to further reduce the impact 
of noise on the analysis and to focus analysis on sizeable aggregations of organisms. 
We applied the default parameters for the school detection algorithm except for the 
maximum horizontal linking distance, which was set to 100 m after comparing 
different linking distances. Acoustic backscatter not assigned to a school was 
removed from the analysis. The final data retained for analysis only included those 
data collected on the track line and those data collected when marine mammal survey 
effort was underway. 
The remaining data were processed with a multi-frequency indicator (MFI) 
algorithm published by Trenkel and Berger (2013). This MFI classifies acoustic 
backscatter into four categories: 1) fish swim with bladders and large gas bubbles, 2) 
larval fish, zooplankton, and small resonant bubbles, 3) fluid like zooplankton 
(copepods & euphausiids), and 4) fish with no swim bladder (e.g., mackerel). The 
approach operates on the idea that different organisms have unique acoustic responses 
to a suite of acoustic frequencies. By comparing the relative responses of different 
frequencies, the dominant organism types in a particular parcel of water can be 
distinguished. Based on this principle, Trenkel and Berger (2013) created an index 
that classifies acoustic backscatter to particular organism classes. These authors 




relative frequency responses applied in this index. They validated their approach 
through simulations and via application to the Bay of Biscay, where the results 
aligned with the expected spatial structure of species groups. This algorithm was also 
recently used to estimate biomass of euphausiids in the northwest Atlantic where it 
compared favorably to other classification approaches (Jech et al. 2018). 
After classifying the backscatter to species groups, we extracted the volume 
backscatter strength (Sv) (dB re 1m-1) associated with the assignment of a specific 
species group from the frequency most associated with that particular species group. 
For example, we extracted the Sv from 38 kHz for the areas classified as 
phytoplankton and fish larvae because in the design of the classification index, the 
small bubbles associated with these organisms had their peak resonance at 38 kHz. 
We also applied the 38 kHz frequency to swim bladder fish since this frequency has 
often represented swim bladder fish in other studies, particularly when paired with 
120 kHz (Logerwell & Wilson 2004, Simmonds & MacLennan 2005, Jech & 
Michaels 2006). The 120 kHz was used for fluid-like zooplankton as this frequency is 
often used for distinguishing euphausiids (Jech et al. 2018). We applied the 200 kHz 
for non-swim bladder fish because they are weak scatterers, their modeled frequency 
response was highest at 200 kHz, and this frequency was recommend for mackerel 
assessments (Trenkel & Berger 2013, Scoulding et al. 2016). 
The resulting Area Backscattering Coefficient (ABC) values (m2m-2) associated 
with each MFI classification were then summarized by bins 1000 m in length and 




backscatter area that an organism class occupies within that particular bin. We created 
acoustic variables representing phytoplankton and fish larvae, zooplankton, swim-
bladder fish, and non-swim bladder fish to be employed as potential predictor 
variables at three depths: 0-50 m, 50-100m, and 0-200m. We did not use variables 
representing acoustic depth bins of 100-150 m and 150-200 m in this analysis because 
of too many missing values (transect locations shallower than 100 m). Each transect 
was processed separately using an identical template and the acoustic output 
representing the ABC of the four species groups were merged with sightings data 
along each track line. We then exported and analyzed the data in R (R Core Team 
2018). 
Marine Mammal Modelling 
Generalized Additive Models (GAMs) (Hastie 1990, Wood 2017) were built to 
explain the density of marine mammals observed along the transects using the 
“mgcv” package (Wood 2011) implemented in the R statistical language (v. 3.5.2) (R 
Core Team 2018) . We built density models for seven species (common dolphin 
Delphinus delphis, bottlenose dolphin Tursiops truncatus, Risso’s dolphin (Grampus 
griseus), striped dolphin (Stenella coeruleoalba), pilot whale, sperm whale, and fin 
whale). We did not model beaked whales and many baleen whales due to small 
sample sizes (Table 1). We did not model marine mammals not identified to species 
modeled.  
We converted counts of sighted marine mammals per cell to model species 






where D is the density of a particular marine mammal in a specified cell, S is the 
number of sightings per cell, G is the mean group size per cell, and L is the length of 
the cell (1000 m). 
Density models were fit using the restricted maximum likelihood (REML) 
criterion with the Tweedie family, allowing for flexibility among candidate 
distributions and the ability to deal with excess zeros and overdispersed data. Smooth 
functions for individual variables were fit with thin plate regression splines with an 
additional null space penalization that allowed the smooth term to shrink to a linear fit 
and provided additional restraint against overfitting (Wood 2003).   
Model building was guided by the “mgcv” automatic term selection 
functionality. We removed non-significant terms (p > 0.10) selected by the automatic 
term selection in stages to ensure stability of the model and a lack of dependence on 
removed terms. We examined correlation in the final candidate models to assess 
whether strongly related terms should be included in the same model. We did not 
allow a model to include both a 50 m and 200 m category for the same organism 
classification. We assessed selection of final candidate variables based on the amount 
of deviance explained, REML score, and fit of the predictors. These models were 
further evaluated using k-fold cross validation with 10 random data subsets and 




the example of Chavez-Rosales et al. (2019). These diagnostic indicators included 
Spearman’s rank correlation coefficient (RHO), mean absolute error (MAE), and 
mean absolute percentage error (MAPE).   
 
RESULTS 
GAMs were built for seven species with 12 candidate acoustic variables, 
whereby each variable was calculated for 1242 one-km horizontal bins. Species 
models were built for common dolphins, bottlenose dolphins, Risso’s dolphins, 
striped dolphins, pilot whales, sperm whales, and fin whales. Correlations between 
variables in the final models were kept low, except for one instance in the common 
dolphin model that included 0-50 m swim-bladder fish and phytoplankton with a 
correlation of 0.774 (Tables 2 and 3). The highest correlation in any of the other 
model was 0.333 between zooplankton at 0-50 m and swim bladder fish at 0-50 m. 
The correlation matrix did show two surprisingly consistent patterns in which swim-
bladder fish was commonly correlated with phytoplankton/fish larvae, and non-swim 
bladder fish was often correlated with zooplankton. 
Model fits varied by species, from strong fits for common dolphin and fin 
whales, to no viable model for sperm whale (no significant predictors) (Table 3). The 
common dolphin model had the highest deviance explained, but also the highest 
effective degrees of freedom, a poor RHO value, and one of the lower numbers of 
group sightings, and therefore could be over-fit. Fin whales, which had the second 




(25.4%) and among the best error fits, particularly for the RHO value (0.122) derived 
from the k-fold cross validation. The striped dolphin model explained 11.0% of 
deviance, and fair to excellent k-fold cross validation test statistics, but had the 
smallest group sightings size (10). The Risso’s dolphin model, which had the most 
frequently sighted groups (51), was fit with only one variable (swim bladder fish at 0-
200 m), had fair to excellent and qualitative valuation metrics, but only explained 
3.6% of deviance. Pilot whale and bottlenose dolphin models both explained near 6% 
of deviance, and their MAPE and MAE values evaluated in the fair to good range, 
however, the pilot whale RHO fell just within the poor classification range. In 
general, MAE values suggested much better fits than the other metrics across all 
species.  
Common dolphin, bottlenose dolphin, and fin whale all appeared to have positive 
relationships with potential prey in their final models. Common and bottlenose 
dolphins showed positive and increasing relationships with increasing swim bladder 
fish (Figure 4), and fin whales showed a similar relationship with zooplankton 
(Figure 5). Additional GAM plots for each model are provided in the Supplemental 
Appendix (Figures S1-S5).  
 
DISCUSSION 
This study provides the first validation relating marine mammal abundance to a 
measure of prey density within the water column from a dedicated abundance survey. 




surface or bottom characteristics, most of which were physical rather than biotic 
variables (Forney et al. 2012, Roberts et al. 2016, Becker et al. 2019, Chavez-Rosales 
et al. 2019). Our study demonstrates that acoustic-based measures of organism 
structure alone can explain a large amount of variance when describing marine 
mammal abundance. The top two models explained 37% and 25% of model deviance, 
with an average of 15% deviance explained across all models except sperm whale. 
These fits are similar to previous studies modelling marine mammal distribution in 
this same region and off the west coast of the US.  
Many marine mammal distribution models typically explain less than 50% of 
variability, and often are below 25% (Palacios et al. 2013).  Becker et al. (2019) 
recently produced marine mammal models of encounter rates and single responses in 
the California Current Ecosystem with explained deviances ranging from 2.8% to 
50.1%. Similar models of encounter rates and group size models in the Eastern 
Tropical Pacific produced explained deviances ranging from 3.8% -58.6% (Forney et 
al. 2012).  
Marine mammal abundance models prepared Chavez-Rosales et al. (2019) for 
the east coast of the US and part of Canada explained between 16% to 69% of 
deviance, based on data from 2010 to 2013 that overlapped with this study. Their 
study developed models from 17 potential predictor variables, though most final 
models contained five predictor variables. Models often included aerial survey data 
from other seasons and areas other than the shelf break region, so evaluations 




directly comparable. That said, they are useful for a general validation of modelling 
with acoustic variables. The explained deviance was similar in this study for common 
dolphin (36.8% vs 42.1%) and fin whale (25.4% vs 34.7%) (Table 1). Models from 
our study did not compare as well when the species was known to feed more deeply, 
or more concentrated on squid. Models of Risso’s dolphins, pilot whales, and sperm 
whales explained much less deviance than the Chavez-Rosales et al. (2019) study 
(3.6% vs 49.6% for Risso’s dolphins, 5.7% vs 56.2% for pilot whales, and no 
deviance explained vs 33.5% for sperm whales).  
One would expect that models based on organism structure of the first 200 m of 
the water column would not perform well when representing the abundance of marine 
mammals that feed below 200 m depth. Sperm whales have recorded mean foraging 
depths in the Atlantic ocean deeper than 600 m (Watwood et al. 2006). Both pilot 
whales and Risso’s dolphins can feed deep in the water column, with pilot whales  
averaging 738 m for feeding dives (Aguilar Soto et al. 2008) and Risso’s dolphins 
foraging anywhere from tens of meters to about 500 m on mesopelagic, epipelagic, 
and sometimes benthic organisms (Arranz et al. 2018, Arranz et al. 2019). However, 
in our study region pilot whales have been suggested to feed between 70 and 165 m 
based on known prey species (Baird et al. 2002).  
Prey choice also appears to play a role in weaker acoustic species model fits in 
addition to foraging depth. Sperm whales, pilot whales, and Risso’s dolphins feed 
primarily on cephalopods such as squid, although pilot whale diet may be more varied 




1991, Gannon et al. 1997a, Gannon et al. 1997b, Smith et al. 2015). The Trenkel and 
Berger (2013) multi-frequency algorithm does not have a classification category 
specifically for cephalopods, and therefore squid concentrations may be 
underrepresented. Given the lack of a cephalopod category, the GAM model fits 
generally scale with prey and depth preferences, whereby most models with poorer 
fits are for species that feed deeper and rely more on heavily on squid.  
The algorithm does contain a classification for non-swim bladder fish, which 
may pick up some squid, as both are weak scatters (Jones et al. 2009, Scoulding et al. 
2016). However, some studies show squid having a stronger relative frequency 
response at 38 kHz than mackerel, as modeled by Trenkel and Berger (2013), and 
therefore squid concentrations could be reflected in the swim-bladder fish category. 
These results illustrate that further studies are needed to potentially apply acoustic 
squid models (e.g., Jones et al. 2009) to marine mammal survey data. It would also be 
beneficial to examine relative frequency responses in areas and at depths where 
squid-specialist marine mammals are present. 
The swim bladder fish classification proved a useful predictor for bottlenose and 
common dolphins. Both species’ models had positive and increasing relationships 
with swim bladder fish in the first 50 m of the water column (Figure 4). Both species 
consume fish and squid, although they are thought to be more generalists and less 
squid specialists than Risso’s dolphins, pilot whales, and sperm whales. (Kenney 
1990, Santos et al. 2001, Wells & Scott 2009). Common dolphins feed on both 




(Waring et al. 1990, Overholtz & Waring 1991, Lahaye et al. 2005, Pusineri et al. 
2007).  Feeding is thought to primarily occur at dusk or at night as myctophids 
migrate upwards in the water column to feed (Waring et al. 1990, Pusineri et al. 
2007), although some feeding may occur during the daylight hours on concentrations 
of other fish and squid at shallower depths.  
Striped dolphins have a much more offshore distribution on the continental slope 
than the other dolphins in this study and, have been associated with the north wall of 
the Gulf Stream and warm-core ring features (Waring 1992), which matches their 
suspected foraging depth of 200-700 m (Ringelstein et al. 2006). Diet information on 
this species is limited, with no studies directly in our study region. However, a study 
in the Eastern Tropical Pacific suggests foraging primarily on myctophids migrating 
from the deep scattering layer in the evening (Perrin et al. 2008), while a study in the 
eastern Atlantic shows a more varied diet of myctophids, squid, and pelagic shrimp 
(Ringelstein et al. 2006). The only significant predictor in our model for striped 
dolphin showed  a negatively sloping swim-bladder fish relationship from 0-200 m 
(Figure S3). It is not clear what this association signifies, but may be an indicator of 
an unknown aspect of their deep habitat reflected in the photic zone.  
The non-swim bladder fish classification did not show up in any final marine 
mammal models in this study. The lack of non-swim bladder fish in these models 
could be due to the correlation between zooplankton and non-swim bladder fish 
(Table 2) such that zooplankton explained similar variability more effectively. It 




category. Higher frequencies do not penetrate as deeply as lower frequencies. At 
increasing depths, the 200 kHz signal dissipates and begins to fade into the acoustic 
background noise. A strong scatterer will show up at depth in the 200 kHz frequency, 
but a weak scatterer such as non-swim bladder fish may be indistinguishable from 
background noise if not present at a high density. This issue could be compounded by 
our use of the Echoview fish school algorithm to help clean the echograms and limit 
the classified data to true aggregations of organisms, reducing backscatter from 
deeper regions. However, recent recommendations for estimating mackerel biomass 
suggested using the 200 kHz frequency because of relatively stable echoes compared 
with the 38 kHz and 120 kHz, which tend to be more variable. This same study also 
suggested use up to 300 m depth (Scoulding et al. 2016). 
Fin whales were the only large whale species abundant enough to model with 
this dataset. The GAM plots showed positive and increasing relationships with 
zooplankton. This fits the fin whale’s profile of primarily feeding on zooplankton, 
although at times they can have a diverse prey profile that includes a mix of schooling 
squid and fish (Pauly et al. 1998, Smith et al. 2015). Of the final GAM models that 
included phytoplankton/fish larvae as predictors (common dolphin and fin whale), 
both had linear negatively sloping relationships whereby the relationship is positive at 
low concentrations and quickly slopes to negative as the phytoplankton/fish larvae 
concentrations increase. While one would expect productive areas with high 
phytoplankton levels, it could take several days before high primary productivity 




zooplankton could graze down phytoplankton in productive areas, resulting in a 
positive relationship at low phytoplankton levels. Modelling acoustic variables 
together with other parameters may illuminate the reason behind this relationship. 
The models presented in this study validate the application of acoustic 
classifications from echosounding data for use in modelling marine mammal 
abundance. The fit of most models as measured both in deviance explained and via 
error estimation from k-fold cross validation, is similar to previous models using 
proxies for water column characteristics, despite being limited by small sample sizes 
(Forney et al. 2012, Palacios et al. 2013, Roberts et al. 2016, Becker et al. 2019, 
Chavez-Rosales et al. 2019). The MAE values from the k-fold cross validation were 
particularly strong, although they may have been unduly influenced by a large 
number of zeros, effectively doing very well at predicting where the marine mammals 
are not as compared to where they are. 
 The models in this study used the area of the backscatter from organisms of 
interest to model the fit between prey availability and marine mammal abundance. 
These models fit best for cetaceans that feed in the photic zone. They fit less well for 
species that forage heavily on cephalopods, and worse for animals that both forage 
heavily on cephalopods and feed deeper than 200 m. Future research should aim to 
include direct classification of cephalopods and of deep foraging layers. Identification 
of portions of the deep scattering layer that migrate upwards in the evening could also 
improve species models for many dolphin species that appear to take advantage of 




Future research should include additional years of data to ensure robust models, 
and areas off the shelf break should be included to allow for abundance estimations 
over a wider region. Future research should also confirm proper bin sizes for best 
model fit, particularly in the horizontal direction. We chose a horizontal distance of 
1000 m in this study in an attempt to retain the potential fine-scale relationships that 
drive predator-prey interactions. Recent research into marine patchiness examining 
the scales shaping zooplankton, fish, and seabird distribution via acoustics found that 
sub-mesoscale processes from 100 m to 1 km play a significant role in shaping the 
pelagic seascape (Bertrand et al. 2014). Use of an overly small horizontal scale could 
result in autocorrelation and artificially inflate explanatory power; however, GAMs 
limit that possibility since they are considered robust to autocorrelation. Furthermore, 
recent analysis of acoustic observations near seamounts have found that 
autocorrelation was not present at scales greater than 1 km (Cascão et al. 2017), 
suggesting that a comparable relationship may apply in a similarly high relief area 
such as the continental shelf break. 
Future abundance estimation models should combine acoustically sensed prey 
layers with more traditional variables like sea surface temperature and latitude that 
could provide structure within which acoustic variables may become more 
informative, improving accuracy and possibly informing the reasons behind some 
acoustic relationships. In order to achieve prediction in areas not on the ship track, a 
two or three-dimensional surface of water column prey characteristics would need to 




particularly in areas along and off the shelf break, are not well sampled outside of the 
repeated AMAPPS ship tracks. Interpolating only using the AMAPPS ship tracks 
would result in large areas with high uncertainty. A more accurate surface could be 
created by modeling prey layers relative to existing bathymetry, satellite-derived 
oceanographic variables, and ocean models currently used for abundance modelling. 
Application of acoustically-sensed prey layers could improve abundance models 
so that they are more responsive to changing ocean conditions and result in higher 
accuracy by directly modelling prey abundance, thought to be the single most 
desirable predictor variable for modelling marine mammal distributions (Palacios et 
al. 2013). This approach would get closer to a mechanistic prediction of distribution; 
the next step would be to include physical processes that drive much of the lower 
trophic level prey aggregations. Improved abundance models should assist in 
managing human impacts on marine mammals as climate shifts preferred habitats and 
human use of the ocean for energy resources increases. 
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Table 1. Summary of marine mammal sightings by species or genus 
 
Common Name Scientific Name Groups Total Animals
Atlantic Spotted Dolphin Stenella frontalis 1 56
Bottlenose Dolphin Tursiops truncatus 22 181
Common Dolphin Delphinus delphis 14 389
Risso's Dolphin Grampus griseus 51 247
Striped Dolpin Stenella coeruleoalba 10 413
Unidentified Dolphin Delphinidae 29 474
Unidentified Small Whale NA 2 2
Blaniville's Beaked Whale Mesoplodon densirostris 1 1
Cuvier's Beaked Whale Ziphius cavirostris 8 21
Sowerby's Beaked Whale Mesoplodon bidens 4 10
Unidentified Mesoplondont Whale Mesoplondont 2 4
Unidentified Ziphiid Whale Ziphiid 5 8
Pilot Whale (unidentified species) Globicephala 24 325
Unidentified Medium Whale NA 2 2
Blue Whale Balaenoptera musculus 3 3
Fin Whale Balaenoptera physalus 39 52
Fin/Sei Whale Balaenoptera physalus/Balaenoptera borealis 11 11
Humpback Whale Megaptera novaeangliae 6 8
Minke Whale Balaenoptera acutorostrata 1 1
Right Whale Eubalaena glacialis 1 1
Sperm Whale Physeter macrocephalus 24 29
Unidentified Baleen Whale Mysticeti 3 3
Unidentified Large Whale NA 28 32








Table 2. Correlation matrix among echosounding organism classifications at depths of 0-50 m, 50-100 m, and 0-200 m. Red font 
indicates correlation >= 0.6. Abbreviations in the table include PHY = phytoplankton, ZOO = zooplankton, NSB = non-swim bladder 
fish, and SBF = swim bladder fish 
PHY    
0-50m
PHY      
50-100m
PHY     
0-200m
Z OO    
0-50m
Z OO     
50-100m
Z OO   
0-200m
NS B   
0-50m
NS B    
50-100m
NS B    
0-200m
S BF   
0-50m
 S BF    
50-100m
S BF    
0-200m
PHY 0-50m 1.000
PHY 50-100m 0.255 1.000
PHY 0-200m 0.882 0.430 1.000
Z OO 0-50m 0.625 0.112 0.433 1.000
Z OO 50-100m -0.064 0.034 -0.046 -0.003 1.000
Z OO 0-200m -0.030 -0.021 -0.016 -0.029 0.064 1.000
NS B 0-50m 0.099 0.015 0.046 0.627 0.005 -0.015 1.000
NS B 50-100m -0.028 0.013 -0.022 0.063 0.951 0.061 0.070 1.000
NS B 0-200m -0.033 -0.024 -0.021 -0.039 0.009 0.980 -0.021 0.010 1.000
S BF 0-50m 0.774 0.372 0.842 0.333 -0.055 -0.021 -0.014 -0.044 -0.025 1.000
S BF 50-100m 0.187 0.906 0.346 0.070 0.021 -0.014 -0.003 -0.012 -0.016 0.286 1.000






















Explained MAPE MAE RHO
Common Dolphin 0-50 m * 0-50 m *** 0-50 m ** 4.82 36.8% 98.89 0.2043 0.019
Bottlenose Dolphin 0-50 m ** 0-50 m * 2.42 6.8% 96.25 0.0002 0.096
Striped Dolphin 0-200 m * 1.79 11.0% 98.56 0.0007 0.098
Risso's Dolphin 0-200 m ** 1.81 3.6% 90.38 0.0002 0.060
Pilot Whale 50-100 m * 1.74 5.7% 96.56 0.0003 0.049
Sperm Whale NA NA NA NA NA < 1% NA NA NA
Fin Whale 0-200 m **** 0-200 m *** 2.84 25.4% 95.23 0.00007 0.122
**** p =0 RHO MAE MAPE
*** p < 0.001 Excellent x > 0.3 x < 0.25 x  > 150%
** p < 0.05 Fair to good 0.05 <= x < 0.3 1> x > 0.25 150% >= x > 50%
* p <= 0.10 Poor x < 0.05 x > 1 x < 50%
Table 3. Generalized Additive Model (GAM) results showing variables included in each model, model degrees of freedom, deviance explained, 
and Mean Absolute Percentage Error (MAPE) Mean Absolute Error (MAE), and Spearman's Rank Correlation Coefficient (RHO) results from k -
fold cross validation. Qualitative classifications of MAPE, MAE, and RHO are color-coded and provided below following the example of Kinlan et 
















Figure 2. Example of echosounding transect data processing. A) Original 38 kHz data, B) 
cleaned 38 kHz data with noise processing applied, below bottom removed, and off-transect 
areas removed, C) 38 kHz data classified as swim-bladder fish, D) 38 kHz data classified as 
swim bladder fish and binned to 50 m (vertical) by 1000 m (horizontal) bins (scale is distorted in 
the y direction). Note: Data displayed is Sv (volume backscattering coefficient) (dB re 1 m-1), or 
the mean volume backscattering strength. Data used for analysis was ABC (area backscattering 









Figure 3. Example shelf edge transect in the area of Georges Bank that crosses canyon mouths. Marine mammal sightings overlaid 











Figure 4. Generalized Additive Model (GAM) plots showing the relationship between common (A) and bottlenose (B) dolphins and 


























Figure 5. Generalized Additive Model (GAM) plots for fin whale model truncated in the x-direction to exclude outliers and better 









Figure S1. Generalized Additive Model (GAM) plots for common dolphin model. The variables 
plotted are (from the top left going clockwise): the Area Backscatter Coefficient (ABC) for 
phytoplankton from 0-50 m, the ABC for swim bladder fish from 0-50 m, and the ABC for 






Figure S2. Generalized Additive Model (GAM) plots for bottlenose dolphin model. The 
variables plotted are the Area Backscatter Coefficient (ABC) for swim bladder fish from 0-50 m 






Figure S3. Generalized Additive Model (GAM) plots of Area Backscatter Coefficient (ABC) for 








Figure S4. Generalized Additive Model (GAM) plot for pilot whales of Area Backscatter 







Figure S5. Generalized Additive Model (GAM) plot for fin whale model of Area Backscatter 










This dissertation aimed to explore the role of marine mammal prey as a 
component of habitat, distribution, and bycatch in an attempt to provide data and 
insight that could prove useful for management. A number of factors influence marine 
mammal distribution such as migration, socialization, and breeding, but prey 
abundance is believed to be the primary driver of marine mammal distributions 
(Benoit-Bird et al. 2013b, Palacios et al. 2013). Yet, prey distribution rarely plays a 
direct role in designing regulations. This may be because it is difficult to assess for 
highly mobile and protected animals. The majority of species distribution models rely 
on physical characteristics of the surface or bottom of the ocean and use them as 
proxies for prey in the water column (e.g., Chavez-Rosales et al. 2019). Managers 
typically craft bycatch regulations driven by gear modifications and time-area fishing 
restrictions (Orphanides & Palka 2013) even though prey distribution primarily drives 
these time-area patterns. We need a better understanding of marine mammal 
distribution drivers and how they may shift with a changing climate to create more 
effective regulations that are adaptable to ecosystems in flux. This dissertation 
explores the relationships between prey and harbor porpoises, right whales, and a 
community of marine mammals south of New England. 
Recent harbor porpoise bycatch in the northwest Atlantic has decreased, but 
regional bycatch has shifted to southern New England where little was known about 
harbor porpoise diet (Orphanides & Palka 2013, Orphanides 2019). The research in 
this dissertation suggests that diet in this region differs substantially from other 




Read 1992, Gannon et al. 1998). Stomach samples in this region suggested a greater 
reliance on true hakes (Urophycis) and squids, and less of a dependence on herrings. 
We found an overall diversification of prey with a general shift towards smaller and 
less calorie dense prey. Clupeids, true hakes, cephalopods, and silver hake (Merluccius 
bilinearis) constituted 85.5% of all estimated consumed biomass. Surprisingly, we 
found small cusk eels and flatfish were consumed in large numbers, although given 
their small size they constituted a tiny overall portion of biomass consumed.  
Much of this shift appears to have occurred in the latter half of the time series 
(2007-2017) and aligns with declines of herring and mackerel in the region. Despite 
this shift in prey, porpoises appear to select their prey preferentially. This was based 
on comparison with the best available dataset, although it is better suited to bottom 
feeding animals than those that feed on schooling fish. At minimum, porpoise have 
clear prey size selection criteria. Both the prey species and the prey sizes have little 
overlap with the gillnet catch. This suggests that porpoises and the fish species caught 
in gillnets may be feeding on the same prey. Many of the species fed on by porpoises 
in this study have demonstrated recent shifts in distribution that may have influenced 
prey choice (Nye et al. 2009, Kleisner et al. 2017).  
North Atlantic right whales have also demonstrated recent shifts in distribution 
(Pace et al. 2017) and their primary prey is forecasted to shift its distribution with a 
changing climate (Grieve et al. 2017). These whales have also recently been found to 
consistently occupy areas previously thought to be migratory corridors or non-
preferred foraging habitat, including the continental shelf south of New England 




prey resources proved surprising and suggested a prey profile more similar to that in 
Cape Cod Bay with an increased reliance on Pseudocalanus  (DeLorenzo Costa et al. 
2006a).  
Our study also hinted at the possible consumption of ctenophores by right whales. 
Consumption of gelatinous prey by right whales has been documented previously 
(Winn & Wishner 1987, Kenney 2008), although most researchers assume that they 
are consumed incidentally while attempting to prey on copepods. Recent research has 
shown that a  large number of marine species consume gelatinous prey on a regular 
basis, many of which have high caloric needs (Hays et al. 2018). In our study, the 
Video Plankton Recorder (VPR) and echosounder data both suggested a layer of 
ctenophores at ~35-40 m depth. These two instruments differed substantially in the 
calculated density of ctenophores in this layer. Nevertheless, if the echosounder 
estimate was correct, the observed ctenophore density falls into the range of suspected 
caloric needs for right whales (Fortune et al. 2013). The layer closest to the right 
whale sightings was also far larger than where the VPR was towed.   
It is possible that the right whales were feeding on copepods observed in the 
bongo nets that were missed on the echosounders and the VPR because of the patchy 
distribution of copepods, inappropriate echosounder frequencies, and concentrations 
of copepods close to the bottom. Although, given climate driven changes in circulation 
and preferred right whale prey (Record et al. 2019), combined with health 
compromised whales that may be nutritionally stressed (Rolland et al. 2016), 




A better understanding of the oceanographic factors aggregating prey is needed to 
better assess right whale prey aggregations. Our study pointed to possible tidal fronts 
in this region that may aggregate zooplankton, but much more research would be 
needed to confirm that hypothesis. The source of plankton is also important for this 
region. If copepods are coming from the Gulf of Maine, that source may be reduced by 
climate changes, while if copepods are being supplied from offshore, that theoretically 
could be sustained as the Gulf of Maine warms.  
Distribution of offshore marine mammals also appears to be driven by prey 
resources. Models presented in this dissertation reflected predicted prey-mammal 
relationships. Model fits scaled with preferred prey and depth preferences. Marine 
mammals that are thought to feed shallower with a diet rich in fish showed stronger 
model fits, and those whales and dolphins believed to feed deeper and rely more 
heavily on squid showed poorer fits. These model fits reflected limitations of the 
applied echosounding algorithm in regards to depth and the lack of an explicit squid 
classification. The potential of this approach was validated by the model fits as 
expressed in terms of explained deviances. The models presented here had similar fits 
to published models using a variety of variables serving as proxies for water column 
prey characteristics. In the future, combining echosounding-derived prey variables 
with traditional oceanographic and bathymetric variables should result in better model 
predictions that may be more responsive to changes in the environment. 
An effective application of prey information for assessing habitat, distribution, 
bycatch, and entanglement issues requires higher resolution spatial and temporal prey 




and fall bottom trawl surveys. For a better understanding of prey distribution, surveys 
may have to be undertaken with different gear or technology and at different times of 
year. Alternatively, knowledge of species distribution may be improved through 
laboratory studies combined with habitat models. Understanding the drivers behind 
prey distribution is going to become increasingly important as offshore energy 
development proceeds and regional climate changes. The previous spatial-temporal 
patterns that underlie many marine management regulations are not going to persist, 
and are in fact already changing. 
The research in this dissertation has spawned additional research to further 
investigate these marine mammal-prey issues. In 2020 we will undertake another 
cruise on the Endeavor to examine right whale prey choices and oceanographic drivers 
in southern New England. This research will be complimented by a US-Canadian 
collaboration during the 2020 winter and spring season. As part of this collaboration, 
very similar research will be conducted in Canadian waters and on the shelf south of 
New England to try to understand the drivers behind right whale prey aggregations in 
these two regions. A pilot project is underway to get improved harbor porpoise and 
seal diet data by comparing traditional hard-part stomach content analysis with DNA 
analysis from those same stomach contents. Plans are also in place to expand the 
marine mammal distribution modelling using echosounding prey classification to 
additional years of data. Additional modelling is planned using multiple years of data 
to relate echosounding data to traditional oceanographic and bathymetric surfaces so 
that prey layer surfaces could be created and used to improve marine mammal 




prey considerations into marine mammal management through these continued 
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